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                             ABSTRACT 
 
This thesis is divided in two parts. First, self-consistent electro-thermal 
simulations have been performed for single finger and multi-finger GaN-based vertical 
and lateral power transistors and were validated with experimental DC characteristics. 
The models were used to study the thermal performance of GaN-based vertical metal 
oxide semiconductor field-effect transistors (MOSFETs) and the lateral high electron 
mobility transistors (HEMTs) designed for different breakdown voltage application and at 
different size scaling levels. The comparison between two structures revealed that the 
vertical MOSFETs have the potential to achieve an up to 50% higher thermal 
performance, especially for higher breakdown voltage and higher size scaling level 
designs. 
Second, normally-off lateral MOS-HEMTs were developed by the combination of 
fluorine plasma treatment and high-temperature gate oxide deposition. Record 
performances have been achieved for the fluorinated MOS-HEMTs with a threshold 
voltage >3.5 V, a low on-resistance ~ 2 mΩ·cm2, a small threshold voltage hysteresis 
~0.15 V, high enhancement-mode channel mobility ~ 1000 cm2V-1s-1, a breakdown 
voltage ~ 780 V, no current collapse and a stability with 24 h continuous on-state 
operation at 250 oC. In addition, an analytical model for the threshold voltage of 
fluorinated MOS-HEMTs was established for the first time, to enable accurate design and 
engineering of the threshold voltage for MOS-HEMTs. This novel technology has been 
demonstrated as promising to fabricate high-performance normally-off MOS-HEMTs. 
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Chapter 1 Introduction 
§1.1 GaN Power Devices 
Power electronics is the application of solid-state electronics for the control and 
conversion of electric power.  Power electronics is used in a wide variety of applications, 
from a country’s basic infrastructure, such as power plants and solar farms, to people’s 
daily life, such as automobiles and computers, as shown in Figure 1. The market size of 
power electronics is increasingly large, reaching about $40 billion in 2010. Power 
electronic devices, such as power transistors or power diodes, determine the capabilities 
and cost of power electronics systems and therefore become a core component of power 
electronics. They are expected to be the enabling devices for advanced power systems, 
more robust energy delivery networks and many new revolutionary approaches to high-
efficiency electricity generation and conversion. Specifically, all power systems rely on 
very efficient converters to step-up or step-down electric voltages. For example, in the 
application of hybrid automobiles, power devices with blocking voltages of more than 
500 V are needed to convert the DC power from the batteries to AC power to operate the 
electric motor. 
 
 
Figure 1 Market size and some applications of power electronics. 
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A core component of power converters is switch devices made of power diodes or 
power transistors. Ideal switch devices should pass any amount of current with no voltage 
drop when they are close and withstand an applied voltage with no current passing when 
they are open. For real devices, low on-resistance and high breakdown voltage are 
desired to provide high-power and low-loss operation for switching applications. Thus, 
on-resistance and breakdown voltage are two main figures of merits for power devices.  
Nowadays, power devices are mainly made of Si. However, the limited critical 
electric field of Si and its higher resistance make the commercial devices and circuits 
currently available very bulky, heavy and inappropriate for future power applications, 
such as new generations of hybrid vehicles. As an alternative, GaN, being a wide 
bandgap semiconductor, has high electron mobility, high critical electrical field and can 
sustain high temperature. Table I summarizes some of the main material properties of 
GaN compared to other semiconductors used for power devices, where the BFOM is an 
important figure of merit in the power device field called the Baliga’s figure of merit [1] 
which defines material parameters to minimize the conduction losses in power transistors. 
As can be seen, GaN is superior to other semiconductors, especially the conventionally 
used Si, for power devices operating under high-power, high-temperature and high-
frequency conditions [2]. 
 
Table I Main power-related material properties of GaN compared with Si, GaAs, SiC 
Material Eg (eV) ε µn(cm
2
/Vs) Ec(MV/cm) Vsat (10
7
cm/s) BFOM 
Si 1.12 11.8 1350 0.3 1.0 1 
GaAs 1.42 13.1 8500 0.4 2.0 17 
4H-SiC 3.26 10 720 2.0 2.0 134 
6H-SiC 2.86 9.7 370 2.4 2.0 115 
GaN 3.44 9.5 900 3.3 2.5 537 
Eg, bandgap; ε, dielectric constant; µn, electron mobility; Ec, critical electrical field; Vsat, 
saturation velocity; BFOM, Baliga’s figure of merit, normalized by that of Si. 
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§1.2 Lateral and Vertical GaN Power Transistors 
Currently, two types of structures are being considered for GaN-based power 
transistors: lateral structures and vertical structures. For lateral structures, the most 
promising one is the AlGaN/GaN high-electron-mobility transistor (HEMT), as shown in 
Figure 2, which utilizes a two-dimensional electron gas (2DEG) generated at the interface 
of an AlGaN/GaN heterostructure. The AlGaN/GaN structure has high electron mobility 
(~2000 cm
2
/V·s) and high electron velocity (~2.5×10
7
 cm/s peak velocity and ~1.3×10
7
 
cm/s saturated velocity). In addition, due to strong piezoelectric and spontaneous 
polarization in III-nitride materials, the AlGaN/GaN structure has a sheet carrier density 
higher than 1×10
13
 cm
-2
. The high electron mobility and carrier density enables 
AlGaN/GaN HEMTs to have a low on-resistance.  
 
 
                       Figure 2 Typical lateral AlGaN/GaN HEMT structure 
 
On the other hand, the wide band-gap and high critical electric field of GaN 
(shown in Table I) allows AlGaN/GaN HEMTs to have a high breakdown voltage, higher 
than 8000 V as reported in [2]. Figure 3 shows the performance of recently reported 
AlGaN/GaN HEMTs, in comparison with Si- and SiC- based power devices. The 
theoretical limit of breakdown voltage (  ) and on-resistance (   ) was calculated by 
using the expression     
   
 
      
  [1], where    is the channel mobility and    is the 
critical electric field. As shown in Figure 3, the experimental reports, including recent 
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results by our group in MIT, have achieved a record combination of high breakdown 
voltage and low resistance for lateral AlGaN/GaN HEMTs.  
 
 
Figure 3 Recent reported performances of AlGaN/GaN HEMTs in comparison with those 
of Si- and SiC-based devices. 
 
At the same time, a vertical structure is also very effective for realizing low on-
resistance and high breakdown voltage characteristics, in analogy with conventional Si-
based power devices such as power metal oxide semiconductor field-effect transistors 
(MOSFETs) or insulated-gate bipolar transistors (IGBTs) [3]. It has attracted increasing 
attention recently. The Japanese company Rohm reported a GaN vertical MOSFETs with 
a typical structure shown in Figure 4 [4]. The University of California – Santa Barbara 
reported a unique structure based on 2DEG carriers in the access region [5]. Toyota 
reported vertical structures using regrown p-GaN to confine the vertical current [6]. In 
comparison with GaN-based lateral HEMTs, more and larger structure variations have 
been reported for GaN-based vertical power devices, as the work in this field is quite new. 
10 
 
 
Figure 4 A GaN vertical power device structure -- GaN vertical MOSFET  
 
Though there are some variations in both vertical and lateral structures, a basic 
difference is unchanged: in vertical structures, current flows vertically in the devices, 
while in lateral structures, current flows at near surface. The advantages and 
disadvantages of lateral devices compared to vertical devices reported before this work 
are summarized as following: 
Advantages:  
1) Lateral devices are normally formed from undoped AlGaN and GaN layers. Then, 
the lateral HEMTs have a low parasitic capacitance. This means that devices have 
both low conduction losses (due to the existence of a 2-DEG) and low switching 
losses. [7]  
2) Fabrication process of the lateral HEMTs is currently simpler than GaN-based 
vertical devices. This results in a easy fabrication of more comlex integrated 
circuits using lateral HEMTs. Moreover, Si substrates can be used for the growth 
of lateral HEMTs, which are larger and cheaper than the GaN substrates normally 
used in vertical structures. 
3) It is very easy to obtain a bi-directional switch using the GaN lateral HEMTs. 
Disadvantages: 
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1) The increase of breakdown voltage for lateral HEMTs leads to an increase of 
distance between gate and drain areas, therefore making the chip size larger. In 
contrast, the increase of breakdown voltage in vertical structures just leads to an 
increase in the thickness of the buffer layer. Vertical structures are expected to 
achieve a higher power density over lateral HEMTs for high breakdown voltage 
devices. 
2) Current flows laterally in source and drain electrodes for lateral HEMTs. As a 
result, the resistance and current capacity of the electrodes limits the device 
performances of lateral HEMTs. [7] 
3) Since current flows near the device surface in lateral HEMTs compared to in bulk 
region in vertical devices, current collapse phenomenon and increase in dynamic 
on-resistance is more serious in lateral HEMTs. [7] Also, from a reliability point 
of view, it is better to have the high electric field region far away from the surface. 
 
§1.3 Enhancement-mode GaN Power Transistors 
For power switching applications, especially inverters or dc-to-dc converters, 
enhancement-mode power transistors are required for fail-safe design and circuit 
simplification. Lateral AlGaN/GaN HEMTs are intrinsically normally-on but several 
approaches have been demonstrated to shift their threshold voltage above zero volts. 
Gate recess etching was demonstrated as a method to achieve normally-off 
AlGaN/GaN HEMTs by W. B. Lanford et al. [8], and then was combined with integrated 
dual-gate structure by B. Lu et al. [9] to achieve a higher breakdown voltage and lower 
contact resistance, as well as combined with tri-gate structure by B. Lu et al. [10]  to 
achieve an enhanced gate control and lower off-state leakage. However, great challenges 
have been found for this technology, including the generation of defect states, 
degradation of channel mobility and ununiformity of threshold voltages. 
Another way to achieve normally-off AlGaN/GaN HEMTs is by using fluorine 
plasma treatment, as described by C. Yong et al. [11]. The threshold voltage increases 
due to the fluorine ions injected into AlGaN/GaN structure, which were reported to form 
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fixed negative charges in the structure. Concerns on the thermal stability of fluorine ions 
and the uniformity of threshold voltages have also raised challenges for this technique. 
 Several other methods have also been demonstrated to fabricate enhancement-
mode AlGaN/GaN HEMTs, and including the bandgap engineering for piezo 
neutralization [12], introducing p-AlGaN [13] and InGaN [14] layers under the gate 
metal. However, there are still some problems in these approaches regarding the 
fabrication control, uniformity of the threshold voltage, yield and the reliability under 
large electric biases and high temperature operation. In summary, it is still a critical 
challenge to fabricate enhancement-mode lateral HEMTs in a simple, effective and 
reliable way. 
On the other hand, for GaN vertical power transistors, the normally-off 
technology depends on the specific device structure. GaN vertical MOSFETs, as shown 
in Figure 4, are inherently normally-off and able to easily achieve a threshold voltage 
higher than 3 V [4]. This has become one of its main advantages over lateral HEMTs.  
However, for vertical GaN transistors that take advantage of the 2DEG at the 
AlGaN/GaN interface to reduce the access resistances, the normally-off design remains a 
problem, since the threshold voltage is still inherently negative. The approaches 
discussed above for lateral devices can be used but still need to be refined and developed. 
M. Okada et al. [15] showed the possibility to achieve a normally-off operation by 
decreasing the regrown AlGaN thickness in vertical structures. 
Finally, it should be noted that, for GaN-based lateral HEMTs and some vertical 
transistors, challenges not only exist in turning the threshold voltage from negative to 
positive, but also in facilitating a more positive threshold voltage. The aforementioned 
methods, such as gate recess and fluorine treatment, could enable a threshold voltage ~ 1 
V, but it was difficult to achieve a more positive threshold voltage. However, 
enhancement-mode nitride transistors with a threshold voltage (Vth) ~ 3 V [16] are highly 
desirable for the industrial application in power electronics. In order to achieve this, 
normally-off metal-oxide-semiconductor (MOS) HEMTs have been developed by 
combining a MOS gate structure with various techniques, including gate-recess [9][10] 
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and fluorine plasma treatment, [17] since the use of a gate oxide is expected to facilitate a 
more positive threshold voltage by capacitance modulation. However, it has been shown 
that the threshold voltage in GaN MOS-HEMTs hardly increases; in fact sometimes it 
decreases, with the deposition of a thick gate oxide layer, due to the presence of positive 
oxide/nitride interface charges and positive bulk charges in dielectrics. [18][19][20] This 
has become a great challenge in the design and fabrication of high threshold voltage 
normally-off GaN lateral transistors. 
 
§1.4 Thesis Outline 
Through the discussions above, it can be seen that GaN-based vertical and lateral 
normally-off power transistors are highly desired. Design, simulation and fabrication of 
GaN-based vertical and lateral power transistors are important to the development of a 
new generation power electronics. Thus, in this thesis, we demonstrate a systematic study 
of the GaN-based vertical and lateral power transistors. 
In Chapter 2, we develop a self-consistent electro-thermal simulations of GaN-
based vertical and lateral power transistors in order to study their electric and thermal 
performance. The electro-thermal simulation models of GaN vertical MOSFETs have 
been established for the first time. Then we used the electro-thermal simulation models to 
conduct a systematic study on the thermal performance of lateral and vertical GaN 
transistors.  
In Chapter 3, we fabricate enhancement-mode MOS-HEMTs by using a fluorine 
plasma treatment. A high threshold voltage, no current collapse and high-temperature 
stability have been achieved for the fabricated MOS-HEMTs. In addition, a 
comprehensive model was established for the first time to illustrate the physics behind 
the high threshold voltage in fluorinated MOS-HEMTs. 
In Chapter 4, we study the design space and expected performance of GaN 
vertical power devices grown on Si substrates.  
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Chapter 2 Electro-thermal Simulation and Thermal 
Performance Study of GaN Vertical and Lateral Power 
Transistors 
§2.1 Introduction 
As demonstrated in Chapter 1, GaN-based transistors are excellent candidates for 
high-voltage, high-frequency and high-power applications due to the superior physical 
properties of GaN compared to Si, SiC and GaAs. However, GaN power transistors may 
suffer from severe self-heating effects that impose a limitation on the maximum 
achievable power density. [21] In addition to mobility degradation, the high channel 
temperature induced by the self-heating will accelerate device failure rates and may even 
lead to destructive burn-out. [22] The use of multi-finger and highly-scaled devices 
makes these issues even more severe. 
    Experimental techniques, such as micro-Raman spectroscopy, still have 
limitations on accurate characterization of device thermal performance. The peak 
temperature in GaN power transistors is directly related to device reliability and failure 
mechanism. However, the location of peak temperature in GaN power transistors is 
normally under or at the corner of gate electrode, and is therefore difficult to accurately 
measure. In fact, the temperature measured by most experimental techniques gives rise to 
an “average channel temperature” rather than a “peak channel temperature”. [23][24] 
Due to the limitations of the experimental techniques used to study device thermal 
performance, physics-based modeling and simulation become important for accurate 
device thermal management. Both pure thermal and electro-thermal simulations have 
been reported. [21] In pure thermal simulations, a constant power dissipation source is 
normally put in the channel region and two separate simulations are conducted, an 
electrical and a thermal one. In electro-thermal simulations, however, only one simulation 
matrices exists, containing electrical and thermal components, handling electrical states 
and signals simultaneous with the thermal ones. [25]  For wide band-gap semiconductor 
devices, self-consistent electro-thermal models that couple carrier transport and device 
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temperature have been demonstrated to be more accurate than pure thermal models [21],  
[26], [27]. However, the development of flexible electro-thermal models is challenging 
because of the computational power limitations owing to the large difference in length 
scales between the electrically active regions (several nanometers or sub-nanometer 
levels) and the thermal diffusion regions (normally several hundred micrometers) [22], 
[28], [29]. 
As illustrated in Chapter 1, currently, two types of structures are being considered 
for GaN-based power transistors: lateral AlGaN/GaN HEMTs and vertical GaN 
MOSFETs. Lateral HEMTs have demonstrated a record combination of low on-
resistance and high breakdown voltage but still face reliability and integration challenges. 
On the other hand, GaN vertical MOSFETs [4], though suffering from the need of 
expensive bulk GaN substrates, have attracted increased attention recently, due to their 
normally-off operation, suitability to have the peak electric field away from the surface, 
and potential for higher current densities. Thus, a comprehensive comparison between 
GaN-based lateral HEMTs and vertical MOSFETs is needed. Although a comparison of 
theoretical limit for on-resistance and breakdown voltage (Vbr) was presented by Saito et 
al. for the two structures [30], the comparison on the heat dissipation capability and the 
resulting power density potential has not been performed.  The main obstacle for this 
comparison is that, though many thermal studies have been reported for lateral 
AlGaN/GaN HEMTs [21], [28], [31], SiC and GaAs based FETs [22], [29], [32], no 
thermal analyses or models of vertical GaN MOSFETs have been reported to date.  
In this study, two-dimensional electro-thermal simulations were performed for 
GaN vertical MOSFETs for the first time. The device temperature distribution and the 
peak temperature dependence on the dissipated power were investigated. Then the 
electro-thermal models of standard AlGaN/GaN lateral HEMTs were also developed and 
validated. These models were used to simulate and study the thermal performance of 
GaN vertical MOSFETs and lateral HEMTs at different Vbr and size scaling levels. 
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§2.2 Electro-thermal Simulation of GaN Power Transistors 
 §2.2.1 Physics Models 
  §2.2.1.1 Basic Semiconductor Equations 
 There are several fundamental semiconductor equations in the mathematical 
model that operates on any semiconductor device, which link together the electric field, 
electrostatic potential and the carrier densities in devices. These equations have been 
derived from Maxwell’s laws and consist of Poisson’s Equation, the continuity equations 
and the carrier transport equations. Poisson’s Equation describes the relationship between 
the variations in electrostatic potential and the local carrier densities. The continuity and 
the transport equations describe the way that the electron and hole densities change as a 
result of carrier transport, generation and recombination. These fundamental equations 
will be presented in this section. 
 Poisson’s Equation has the following form: 
   (   )      
    (      
    
 )              (2.2.1.1-1) 
where   is the electrostatic potential,   is the local permittivity,    is the local space 
charge density,   and   are the electron and hole concentration,   
  and   
  are the 
ionized donor and acceptor impurity concentrations, and    is the charge due to traps and 
defects. The reference potential can be defined in various ways. In the SILVACO 
ATLAS simulator used in this thesis, the reference potential is defined as the intrinsic 
Fermi potential level in devices. Also in our simulation, donor and acceptor are assumed 
to be fully ionized. 
 The continuity equations for electrons and the holes are defined by equations 
below: 
  
  
 
 
 
     ⃗⃗  ⃗        
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     ⃗⃗  ⃗                                         (2.2.1.1-2)   
where    ⃗⃗  ⃗ and   ⃗⃗  ⃗ are the electron and hole current densities,    and    are the generation 
rates for electrons and holes,    and    are the recombination rates for electrons and 
holes, and   is the magnitude of the charge on an electron. 
 The Poisson’s Equations and the continuity equations provide the general 
framework for device simulation. However, carrier transport models are still needed to 
specify the current densities, generation and recombination rates in the aforementioned 
equations. Carrier transport models are usually established by applying approximations 
and simplifications to the Boltzmann Transport Equations. Different assumptions would 
result in a number of different transport models, such as the drift-diffusion model, the 
Energy Balance Transport Model or the hydrodynamic model. Among these models, the 
drift-diffusion model is the simplest for use and has been demonstrated to be adequate for 
nearly all devices that were technologically feasible. The drift-diffusion approximation, 
however, would become less accurate for very small features (on the nanometer scale). 
Since GaN-based power transistors normally have a relatively long channel of several 
micrometers, we believe that the drift-diffusion model is accurate enough for our 
simulations of GaN-based power transistors. 
 In the drift-diffusion model [33], the current densities are expressed in terms of 
the quasi-Fermi levels    and    as: 
  ⃗⃗  ⃗           
                                                            ⃗⃗  ⃗                                                     (2.2.1.1-3)      
where    and    are the electron and hole mobilities. The quasi-Fermi levels can be 
expressed as a function of carrier concentrations and potential given the Boltzmann 
approximations: 
         
 (    )
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 (    )
   
                                           (2.2.1.1-3) 
where     is the effective intrinsic concentration,    is the lattice temperature and   is the 
electrostatic potential. From these two expressions, we can get the expressions for the 
quasi-Fermi levels   and   . By using    and    into the equation 2.2.1.1-3, we obtain: 
  ⃗⃗  ⃗        ⃗⃗ ⃗⃗                ⃗⃗ ⃗⃗    (  
   
 
     ) 
                               ⃗⃗  ⃗        ⃗⃗⃗⃗                ⃗⃗⃗⃗    (  
   
 
     )           (2.2.1.1-4) 
where    and    are given by the Einstein relationship. The Einstein relationship, under 
the Boltzmann statistics, gives, 
                                                               
   
 
           
   
 
                          (2.2.1.1-5) 
In our electro-thermal simulation, Fermi-Dirac statistics are adopted for a more accurate 
description of carrier transport. Therefore, equation 2.2.1.1-5 becomes: 
                                                 
(
   
 
  )   ⁄  
 
   
         
    ⁄  
 
   
         
                                         (2.2.1.1-6) 
where    is the Fermi-Dirac integral of order   and     is given by    . An analogous 
expression is used for holes with Fermi-Dirac statistics. 
 
  §2.2.1.2 Traps and Carrier Recombination 
 Semiconductor materials exhibit crystal defects, which can be caused by dangling 
bonds at interfaces or by the presence of impurities in the bulk. The presence of these 
defects and impurities may form trap centers in the semiconductor and greatly influence 
the electrical characteristics of the device. Trap centers can form an energy level in a 
forbidden gap, and exchange charges with the conduction and valence bands through the 
emission and capture of electrons. These traps influence device characteristics mainly by 
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changing the density of space charge in semiconductor bulk/interface and by influencing 
the recombination statistics.  
 The influence of traps on space charges is considered in the Poisson’s Equation, 
as shown in the equation 2.2.1.1-1. To be more specific, the total charge value caused by 
the presence of traps can be expressed as: 
                                                                       (   
     
 )                                    (2.2.1.2-1) 
where    
  and    
  are the densities of ionized donor-like and acceptor-like traps, 
respectively. The ionized density depends on the trap density,        , and its 
probability if ionization,      and    . For donor-like and acceptor-like traps, the ionized 
densities are calculated by the equations: 
   
              
                                                              
                                                  (2.2.1.2-2) 
The probability of ionization assumes that the capture cross sections are constant for all 
energies in a given band and follows the analysis developed by Simmons and Taylor [34]. 
The probability of ionization is given by the following equations for acceptor and donor-
like traps. 
                                                               
             
                          
  
                                                                
             
                          
                      (2.2.1.2-2)   
where       and      are the carrier capture cross sections for electrons and holes.     
and    are the thermal velocities for electrons and holes.     and     are the electron and 
hole emission rate for donor like traps, which are defined as: 
                                              
     
   
                      
     
   
     (2.2.1.2-3)  
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where     is the intrinsic Fermi level position,    is the trap energy level. Similarly,     
and     are the electron and hole emission rate for acceptor like traps, which are defined 
as:                  
                                              
     
   
                      
     
   
     (2.2.1.2-4)  
If we assume the electron capture cross section is much larger than the hole 
capture cross section for the acceptor-like traps, and the hole capture cross section is 
much larger than the electron capture cross section for donor-like traps, the probabilities 
described by the equation 2.2.1.2-2 can be simplified to the classic Fermi-Dirac statistics: 
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                                     (2.2.1.2-5) 
This simplification will be used in our electro-thermal simulation to facilitate the 
numerical convergence.  
 When taking into account the trapping effect, we need to also consider that 
electrons are being emitted or captured by donor and acceptor-like traps. Therefore, the 
concentration of carriers will be affected. This should be accounted for by modifying the 
recombination rate in the carrier continuity equations. 
 The processes responsible for generation-recombination in the presence of a trap 
within the forbidden gap of the semiconductor are known as the phonon transitions. The 
theory of phonon transitions was first derived by Shockley and Read [35] and then by 
Hall [36]. The Shockley-Read-Hall (SRH) recombination models are used in our 
simulation. The SRH recombination rate is given as follows: 
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         (2.2.1.2-6) 
where       is the difference between the trap energy level and the intrinsic Fermi 
level.       and       are the hole and electron lifetimes.     
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  §2.2.1.3 Mobility and Saturation Velocity 
 The mobility and saturation velocity models for the electrons and holes in 
semiconductor devices, especially the models for the channel electrons/holes, are one of 
the critical components in the electro-thermal simulation. In semiconductor devices, 
electrons and holes are accelerated by electric fields, but lose momentum as a result of 
various scattering processes. These scattering mechanisms include lattice vibrations 
(phonons), impurity ions, other carriers, surfaces and other material imperfections. When 
the effects of all these microscopic phenomena are reflected into the macroscopic models, 
the mobility model becomes rather completed as functions of many factors, including 
local electric field, lattice temperature, doping concentration, and so on.  
 In GaN-based transistors, as the critical electric field of GaN is as large as ~3.3 
MV/cm, the electric field in the channel can be very large when the device is operated 
under high biases. This call for the need to build the carrier mobility model both in low 
electric field and in high electric field, since the electron transport in low electric field 
and high electric field are rather different. In low electric field, the mobility commonly 
has a characteristic low-field value that is independent of electric field. However, the 
value of this mobility can be decreased by phonon and impurity scattering, and is 
therefore normally dependent on temperature, doping level and carrier density. In high 
electric field, the carrier mobility decreases with electric field because the carriers with 
higher energy may suffer more serious scattering processes. Also, the mean drift velocity 
no longer increases linearly with increasing electric field, but rises more slowly. Finally, 
the velocity does not increase with increasing field but reaches a saturation velocity. This 
saturation velocity is also dependent on lattice temperature and scattering density. 
 According to the discussions above, we can see that modeling mobility mainly 
involves: (1) characterizing low-field mobility as a function of temperature and doping; 
(2) characterizing high-filed mobility as an extra function of electric field; (3) 
characterizing the transition between the low-field region and the saturated velocity 
region. In this section, we will present two mobility models, with a simpler one extended 
from those used for Si and GaAs devices, and the other much more complicated but 
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exclusively developed for GaN devices. Both of these two mobility models can provide a 
good matching between simulation results and experimental data. 
 
(1) Caughey and Thomas Expressions [37] 
The mobility models based on Caughey and Thomas Expressions were initially 
established for Si devices, and have been widely applied to Si, GaAs and other III-V 
devices. This model provides a smooth transition between low-field and high field 
behavior. The electron/hole mobility dependence on electric field is described by: 
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                         (2.2.1.3-1) 
where   is the electric field,     and     are the low-field electron and hole mobilities 
respectively. In the simulation,     and     are normally extracted from the results of 
Hall measurements.       and       are parameters which can used in the fitting 
between the experimental data and simulation results. 
The electron/hole mobility dependence on lattice temperature   is expressed as: 
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)                       (2.2.1.3-2) 
where      and      are parameters which can be used in the fitting, and are 
typically adopted as 1.5~2. . The applicability of this temperature-dependent electron 
mobility model for the 2DEG is supported by the experimental reports in [38].  
 
(2) Farahmand and Schwierz Expressions [39] [40] 
The derivation of this mobility exclusively used for III-V semiconductors was 
initially based on the Monte Carlo transport simulations in [39], and then further 
developed by F. Schwierz et al. for the numerical simulation of GaN-based devices [40]. 
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This model describes the dependence of the mobility on carrier concentration, 
temperature, and electric field, and has achieved a good agreement between the modeled 
mobility, Monte Carlo results and measured data at a wide range of temperatures. 
The Farahmand and Schwierz mobility model include two parts: the low mobility 
model and the high mobility model. The low field mobility model is expressed as: 
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        (2.2.1.3-3)    
where   is the doping level and    is the lattice temperature. The detailed discussion on 
the values of                        and      for various nitride compositions can be 
found in [39]. In particular, the values selected for GaN-based transistors and plots of 
low-field mobility behavior as a function of lattice temperature can be found in Feng 
Gao’s master thesis [41]. 
The expression for the high field mobility is described by: 
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where    (    ) is the low-field mobility calculated by the equation 2.2.1.3-3,      is the 
saturation velocity. The values selected for         and    can be found in [39] and [41] 
as well.  
  
 Any of these two mobility models can be used in the simulation of GaN based 
transistors and both achieve a good agreement between simulation results with measured 
device performances. In physics, the second mobility is more accurate, in that it describes 
the unique carrier behavior in III-nitride semiconductor, especially in Wurtzite GaN. 
However, the usage of this mobility model in the electro-thermal simulation for GaN 
transistors would result in more difficulties and longer time to achieve the numerical 
convergence. In a simple and analytical simulation, the first mobility model is more 
convenient to use.  
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 Finally, we should note that most mobility models available now for channel 
carriers in GaN-based transistors, including the models used in this work, are still based 
on the mobility models for bulk materials. In fact, modeling carrier mobilities in the 
channel, such as 2DEG in HEMTs and inversion layers in MOSFETs, would introduce 
additional complications. Carriers in the channel are subject to surface scattering, 
extreme carrier-carrier scattering, and quantum mechanical size quantization effects. For 
Si-based devices, several mobility models have developed exclusively for the simulation 
of channel carrier, such as the Darwish CVT model [42] and the Yamaguchi model [43]. 
There are still much work to do in developing accurate models for channel carrier 
transport behavior for GaN-based devices.   
 
§2.2.1.4 Self-heating  
As mentioned in the Section 2.1, recent studies have demonstrated that accounting 
self-consistently for lattice heating is necessary for accurate simulation of GaN power 
transistors, due to the severe self-heating in the high power switching and relatively low 
thermal conductivity of GaN based materials. In the self-consistent electro-thermal 
simulation, lattice heat flow should be considered first, including Joule heating, heating 
and cooling due to carrier generation and recombination, and the Peltier and Thomson 
effects. In addition, the dependence of material and transport parameters on the lattice 
temperature should also be accounted in the electro-thermal simulation. Finally, 
specification of general thermal environments, such as thermal boundary conditions and 
thermal contact definitions, should also be set in the simulation models. 
 
(1) Lattice heat flow equations 
The lattice flow equation can be written as: 
                                                
   
  
  (    )                                   (2.2.1.4-1) 
where   is the heat capacitance per unit volume,   is the thermal conductivity,   is the 
heat generation term and    is the local lattice temperature. 
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 In the steady state, the above equation can be simplified as: 
                                                      (    )                                             (2.2.1.4-2) 
 The electron/hole transport equations need to be modified taking into account the 
lattice heating. The drift-diffusion equations (the equation 2.2.1.1-3) should be modified 
as: 
  ⃗⃗  ⃗       (         ) 
                                                   ⃗⃗  ⃗       (         )                              (2.2.1.1-3) 
where    and    are the absolute thermoelectric powers for electrons and holes. 
 By incorporating the modified drift-diffusion models and the carrier 
recombination equations into the steady-state heat generation models, the heat generation 
term can be written as [41]: 
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where: 
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] is the Joule heating term, 
 (   )[        (     )] is the recombination and generation heating and 
cooling term, 
   (  ⃗⃗  ⃗      ⃗⃗  ⃗   ) accounts for the Peltier and Joule-Thomson effects. 
 
(2) Thermal conductivity 
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The value of thermal conductivity, k, in the equation 2.2.1.1-1, is generally 
temperature dependent. In our electro-thermal simulation, the temperature-dependency of 
k was described by the widely-used relationship for GaN devices [31], 
                                                     (  )   (    )   (
  
   
)                        (2.2.1.4-5) 
where  (    ) is the thermal conductivity at room temperature and the   is normally 
adopted as -1.3 for GaN. 
 There is a large variation in the reported values of the thermal conductivity of 
GaN, kGaN, at room temperature, from 1.3 W·cm
-1
K
-1
 to 3.8 W·cm
-1
K
-1
, depending on the 
GaN dislocation density [44]. In our simulation, the GaN thermal conductivity was set to 
1.3 W·cm
-1
K
-1 
to simulate the worst case corresponding to the highest device temperature. 
 Table II summarizes the room-temperature thermal conductivity of some 
materials commonly used in the GaN-based transistors. 
 
 Table II Room-temperature conductivity of some materials (from NSM Achieve) 
Material Si Sapphire GaN AlxGa1-xN [45] SiC 
Thermal conductivity 
(W/K·cm) 
1.3-1.5 0.47 1.3-3.8 0.2-0.3 3.9-4.7 
 
(3) Thermal boundary conditions 
The thermal boundary conditions need to be specified in the electro-thermal 
simulation of semiconductor devices. A general expression for the thermal boundary 
conditions can be written as: 
                                                     (    
 ⃗   )   (       )                          (2.2.1.4-6) 
where    is either 0 or 1,     
 ⃗  is the total energy flux and   is the unit external normal of 
the boundary. 
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 When    , the above equation specifies a Dirichlet (fixed temperature) 
boundary condition. 
 When    , the above equation can be re-written as: 
                                                                    
 ⃗    
 
   
(       )                             (2.2.1.4-7) 
where     is a thermal resistance. This thermal boundary condition enables the definition 
of a thermal resistance at the boundary. This definition can be applied to define the 
thermal dissipation effect of thick substrate under the device active region. 
 
§2.2.2 Device Models 
In this section, we will use the physics models developed in the last section to 
conduct self-consistent electro-thermal simulations for GaN-based vertical MOSFETs 
and lateral HMETs. Models of device structure, doping level, thermal boundary 
conditions will be developed to enable the electro-thermal simulation of singer-finger and 
multi-finger GaN vertical MOSFETs and lateral HEMTs. In particular, models for 
channel carrier, e.g. the 2DEG for lateral HEMTs and the inversion layer for vertical 
MOSFETs, will be discussed in detail. 
§2.2.2.1 GaN-based Vertical MOSFETs 
The structure and performance of the GaN vertical MOSFET  used in this work 
were based on the report in [4]. As shown in Figure 5, the structure consists of five layers: 
a c-plane n
+
-GaN substrate (330 µm), an n
+
-GaN layer (0.5 µm, ND=3.0×10
18
 cm
-3
), an n
-
-GaN drift layer (1 µm, ND=1.0×10
17
 cm
-3
), a p-GaN layer (0.5 µm, NA=10
17
~10
18
 cm
-3
) 
and an n
+
-GaN source layer (0.5 µm, ND=3.0×10
18
 cm
-3
). In the simulation, the bulk and 
channel mobility were set to the values reported in [4]. A doping level NA of 3~5 ×10
17
 
cm
-3
 was chosen for the p-GaN layer, while a doping level ND of 1 ×10
18
 cm
-3 
and 
mobility (at 300 K) of 100 cm
2
/(V·s) were adopted for the n
+
-GaN substrate.  
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Figure 6. Schematic of the (a) single finger and (b) multi-finger GaN vertical MOSFET structures 
simulated in this work. The unit cell definition with a total width Wcell, the illustration of temperature 
distribution and the adiabatic boundary conditions used for multi-finger electro-thermal simulation are also 
shown in (b). 
 
Both single-finger and multi-finger devices were simulated. The structures and 
boundary conditions were slightly different for the single-finger and the multi-finger 
device simulations.  
For the single-finger MOSFET, all the layers extend with a width d on each side 
of the active region to account for thermal diffusion away from the active area (See 
Figure 6(a)). The peak temperature of the device generally depends on d but becomes 
almost constant when d exceeds a critical value [31]. In our simulation, d was set to 500 
µm, larger than the critical value.  
For the multi-finger simulation, thermal crosstalk between adjacent channels was 
modeled by defining a unit-cell with appropriate thermal boundary conditions. As shown 
in Figure 6(b), the unit-cell was defined as the region between the midpoint of the source 
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pad and that of the gate, with a width of Wcell. The number of fingers was considered to 
be large enough so that the temperature variation and thermal gradient between adjacent 
unit cells is negligible. An adiabatic thermal boundary condition was added to the sides 
of the simulated unit-cell because the temperature distribution is symmetric at each side 
boundary, as shown in Figure 6(b). The bottom of the structure was set to a fixed 
temperature of 300 K for both the single finger and multi-finger device simulations. 
In our self-consistent electro-thermal simulation, due to the coupling of the 
coupled electrical and thermal models, numerical convergence is more difficult to reach 
compared to simple electrical simulation. To facilitate and reach the numerical 
convergence, the meshing spacing of the semiconductor device, especially the active 
region, should be kept very small (for example, on the nanometer or sub-nanometer order 
for carrier channel). However, the total number of device meshing units in the simulator 
is limited, which could not allow the nano-meter meshing for the entire device with a 
dimension of several hundred micrometers. To solve this problem, various meshing 
spacing should be carefully designed for different device regions. In our electro-thermal 
simulation, adequate numerical convergence was reached by an optimized meshing with 
sub-nanometer grid spacing for the key electrical layers and their interfaces, and larger 
spacing for thermal diffusion regions.  
 
Another important aspect of the electro-thermal model for GaN vertical 
MOSFETs is the interface charge between the channel and gate dielectric. The need of 
adding interface charge comes from the large difference of the threshold voltage (Vth) in 
theoretical calculation and in experimental device. [46] 
In theory, the threshold voltage of GaN MOSFET can be expressed as [46]: 
    
  
   
     
where    is the total space charge per unit area in the semiconductor and    [ 
    (     )] is the energy gap between the Fermi level in the bulk material and the 
intrinsic Fermi level. Due to the large bandgap of GaN, the    in GaN is relatively small 
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compared with that in Si. Thus, the    of GaN is higher than that of Si. This induces a 
large theoretical     in GaN MOSFETs. According to the calculation conducted in [46], 
the theoretical     is ~18 V for a NA of 3×10
17
 cm
-3
 in the p-GaN.  
 However, from the experimental report in [4], the Vth in the experimental device is 
~ 3 V, which is much lower than the theoretical value. According to the analytical 
calculation in [46], this relatively low Vth may be due to the introduction of donor-type 
impurities or defects during the trench etching or gate formation process, as shown in 
Figure 7. To account for this in our simulation model, a sheet charge was added to the 
interface between the n-channel and gate dielectric, and its value was adjusted to reach 
the same Vth that was reported experimentally. The interface charge concentration used in 
the simulations is 5×10
11
 cm
-3 
for a 5×10
17
 cm
-3
 doping level in the p-GaN. 
  
 
Figure 7. (Figure 1 in [46]) (a) Schematic of trench gate MOSFETs with a sheet charge introduced. (b) 
Electric field distribution around MOS structure with a sheet charge introduced.  
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§2.2.2.1 GaN-based Lateral HEMTs 
The GaN-based lateral transistor used in this work was based on AlGaN/GaN 
HEMTs fabricated on Si substrates [47], as shown in Figure 8. The selection of Si 
substrate is done to enable a fair comparison of the thermal performance between lateral 
HEMTs and vertical MOSFETs. The thermal conductivity of the Si substrate, 1.3 W·cm
-
1
K
-1
, is the same as that of GaN used in the GaN vertical MOSFET simulation. This value 
eliminates the discrepancy that would result from different substrate materials (e.g. SiC 
or sapphire) in the comparison of thermal performance between vertical and lateral 
devices.   
The structure shown in Figure 8 is a typical AlGaN/GaN-on-Si structure, with 
similar structures having been reported in many publications. [48][49] The structure 
consists of six layers: a (0001) Si substrate (330 µm), an AlN Nucleation layer (100 nm), 
an AlN/GaN superlattice layer (2.4 µm), a UID GaN layer (1.2 µm), an Al0.26Ga0.74N 
layer (18 nm) and a GaN cap layer (2 nm). In the simulation, the bulk and channel 
mobility were set to the values reported in [4]. Source and drain electrodes were defined 
with the same length (10 µm) as used in the simulation of vertical MOSFETs. A typical 
source-to-gate length (Lsg) of 1.5 µm and gate length (Lg) of 2 µm were defined. Lateral 
HEMTs with different gate-to-drain length (Lgd) have been fabricated, measured and 
simulated, in order to verify the simulation models. Simulations of single finger and 
multi-finger lateral HEMTs were enabled by implementing the same structure and 
thermal boundary conditions as used for vertical MOSFETs. For the single-finger 
MOSFET, all the layers extend with a width of 500 µm on each side of the active region 
to account for thermal diffusion away from the active area. For the multi-finger 
simulation, thermal crosstalk between adjacent channels was modeled by defining a unit-
cell with adiabatic thermal boundary condition added to the sidewalls.  
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Figure 8. Schematic of the single finger and multi-finger (a unit-cell) GaN lateral HEMT 
structures simulated in this work.  
 
Self-consistent electro-thermal simulations of lateral HEMTs were performed 
using the same physics models as those in the simulation of vertical MOSFETs, including 
self-heating, field and temperature-dependent mobility and temperature-dependent 
thermal conductivity. The sheet charge density and the 2DEG mobility were set to the 
values measured from Hall structures. The 2DEG saturation velocity was determined 
according to its relationship with sheet charge density as reported in [50]. The room-
temperature thermal conductivity of Si, AlGaN, and the superlattice/nucleation layers 
used for HEMTs were 1.3 W·cm
-1
K
-1
, 0.3 W·cm
-1
K
-1
 [21] and 0.1 W·cm
-1
K
-1
 [51], 
respectively.   
 
§2.2.3 Simulation Results 
  §2.2.3.1 GaN-based Vertical MOSFETs 
The electro-simulation models for GaN based vertical MOSFETs were firstly 
validated by comparison with experimental data in [4]. Figure 9 shows the comparison 
between the experimental DC current-voltage characteristics and the simulation results 
and demonstrates that a good agreement has been obtained. The small difference in the 
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linear region may be from trapping effects, which were not incorporated in the simulation. 
The error introduced by this difference is not expected to have a significant impact on the 
thermal analysis of the device because self-heating effects are dominant in the saturation 
region.   
 
Figure 9 Comparison between simulation and experiment for the DC output characteristics of vertical 
MOSFETs. The experimental data is from Figure 3 in [4].  
 
The lattice temperature distribution and the peak temperature location in 
transistors are of great significance for the study of device reliability and failure, as well 
as the design of cooling system and device package system. Our electro-thermal 
simulation has provided an accurate and effective way to obtain device temperature 
profile. Figure 10 shows the cross-section profile of the lattice temperature distribution in 
the active region of the single finger device at a bias condition of Vds = 10 V and Vgs = 9 V. 
A peak temperature of 342.6 K is observed at the drain side of the channel. In the 
temperature difference between the peak temperature and the ambient temperature (300 
K), ~ 8 K decrease is located in the device active region and ~ 34 K decrease is located in 
the thick substrate. This indicates the importance of substrate thermal resistance to device 
thermal performances.  
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Figure 10 Cross-section profile of the lattice temperature distribution in the active region of the single 
finger device at a bias of Vds = 10 V and Vgs = 9 V. 
 
The location of the peak temperature at the edge of the gate is due to the 
combination of high electric field and high current density there, since a main 
contributing term to the heat generation term H is proportional to     ⃗ , where    is the 
current density and  ⃗  is the electric field. Further plot of electric field distribution has 
demonstrated that the peak temperature location corresponds to that of highest vertical 
electric field in the channel region. The highest total electric field occurs at the junction 
of p-GaN and n
-
-GaN layers farther away from the gate region, however, the local lattice 
temperature is not as high as in the channel due to the reduced current density.  
We should note that our electro-thermal simulation of GaN vertical and lateral 
transistors is done at the device level rather than package level. At the device level, the 
Source/Gate contacts are thermally floating and heat is mainly dissipated through 
substrates and the bottom Drain contacts. However, at the package level, thick metal 
interconnections are typically added on top of the device. This will enhance heat 
dissipation by adding more dissipation paths. The enhancement is a strong function of the 
actual geometries used for the metallization. As a simple approximation, we defined 
thermal contacts at the Source/Gate contacts with a constant temperature of 300 K. From 
this simulation, we found that although the peak temperature decreases, the peak 
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temperature location does not change. This is mainly because that the current and electric 
field distribution is almost not changed after adding top thermal contacts.   
The peak temperature in multi-finger devices is much higher than in single finger 
devices because of the more difficult lateral heat dissipation in multi-finger devices. The 
normalized on-resistance is also higher in multi-finger vertical MOSFETs, due to the 
lateral scaling of GaN layers and substrate and the corresponding lateral reduction of the 
drain current path. These two factors result in a significant reduction in the maximum 
current density in the vertical multi-finger devices, as shown in Figure 11(a).  
 
 
Figure 11 (a) Comparison of the DC output characteristics between single finger and multi-finger vertical 
MOSFETs. The gate voltage increases from 4 V to 9 V at a step of 1 V. (b) The peak temperature 
dependence of total dissipated power for single finger and multi-finger vertical MOSFETs. 
 
The dependence of the peak temperature on the total dissipated power in both 
multi-finger and single finger devices is shown in Figure 11(b). Here we use the term 
“power” to denote the total power dissipated in a 1 µm-wide device (=IdsVds), which is 
different from “power density” (power per unit layout area) defined in the next section. 
When the peak temperature reaches 150 
°
C, the total dissipated power in the multi-finger 
devices is only 1/3 of that for single-finger devices. These results indicate a more serious 
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thermal issue in the multi-finger devices, which has also been reported in experimental 
results [24]. 
 
§2.2.3.1 GaN-based Lateral HEMTs 
The electro-thermal models for GaN lateral HEMTs were validated by 
comparison between simulation and experimental DC I-V characteristics of several single 
finger HEMTs fabricated in our lab with different gate-to-drain lengths (Lgd), in which 
excellent agreement was observed for all devices. Figure 12 shows a typical comparison 
for the HEMT with an Lgd of 3 µm.  
 
 
Figure 12 Comparison between simulation and experiment for the DC output characteristics of lateral 
HEMTs. The good agreement verified the applicability of our electro-thermal models to lateral HEMTs.   
 
Figure 13 shows the cross-section profile of the lattice temperature distribution in 
the active region of the single finger lateral HEMTs at a bias condition of Vds = 10 V and 
Vgs = 0 V. A peak temperature of 400.2 K is observed at the gate edge of the drain side. 
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This is consistent with previous report on lateral HEMTs. [31] The location of the peak 
temperature in lateral HEMTs is also due to the combination of high electric field and 
high current density there. Moreover, different from vertical MOSFETs, the peak 
temperature location in lateral HEMTs corresponds to the peak electric field location. 
 
 
Figure 13 Cross-section profile of the lattice temperature distribution in the active region of the single 
finger lateral HEMTs at a bias of Vds = 10 V and Vgs = 0 V. 
  
The DC I-V curves of the multi-finger and single-finger lateral HEMTs are shown 
in Figure 14 (a). A current degradation for the multi-finger device is shown, while the on-
resistance almost does not change compared to the single-finger device. This means, 
different from vertical MOSFETs, the shrink of buffer layers and substrate does not affect 
the on-resistance in lateral HEMTs. Therefore, the current degradation in multi-finger 
lateral devices is due to the higher lattice temperature. The peak temperature dependence 
of total dissipated power in both multi-finger and single-finger devices is shown in Figure 
14 (b). Similar to the vertical MOSFET case, at a peak temperature 150 
o
C, the total 
allowed dissipation power for the multi-finger lateral devices is about 1/3 of the single-
finger devices.  
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Figure 14 Comparison of the DC output characteristics between single-finger and multi-finger lateral 
HEMTs. The gate voltage increases from -3.5 V to 1 V in a step of 0.5 V. (b) The peak temperature 
dependence of total dissipated power for single-finger and multi-finger lateral HEMTs.  
 
§2.3 Thermal Performance Study of GaN Vertical MOSFETs and 
Lateral HEMTs  
In this section, we will present a thermal performance comparison of multi-finger 
GaN vertical MOSFETs and lateral HEMTs, based on the transistor simulation models 
developed in the Section 2.2. We will first introduce the methods used for the thermal 
performance study in our work, and then demonstrate the design of GaN vertical and 
lateral transistors optimized for different breakdown voltages (Vbr) and at different size 
scaling levels, and finally present the thermal performance study of GaN vertical and 
lateral transistors designed for different Vbr levels and at different scaling levels.  
 
§2.3.1 Methods 
In practical applications, the device peak temperature is limited to, for example, 
150 °C, to ensure long-term reliable operation [28]. For a certain device, this peak 
temperature limit determines its maximum allowable power dissipation, as can be seen in 
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Figure 11(b) and Figure 14(b). For different devices with different layouts, the maximum 
dissipated power density (per layout area) allowable at a given temperature limit reflects 
the heat dissipation capability of the devices. Thus, to be able to compare the thermal 
performance of vertical and lateral GaN transistors, in this paper we defined a figure of 
merit P150°C, as the maximum power density for a peak temperature of 150 °C. This 
figure of merit will be used in the study of device thermal performance. A device with a 
higher P150°C implies better thermal performance. 
In order to calculate the power density (per layout area) in our figure of merit, the 
layout geometries have to be specified. Standard layout geometries were used to calculate 
the power density of the multi-finger vertical MOSFETs and lateral HEMTs, as shown in 
Figure 15(a) and (b). As shown, Wcell is the finger unit width and the Wsp is the width of 
source finger pad. The width of the gate finger pad in Figure 15(a) and the width of the 
drain finger pad in Figure 15(b) are both equal to Wsp.  
  
 
Figure 15 Typical layout geometries of the multi-finger (a) vertical MOSFETs and (b) lateral HEMTs used 
in the calculation of power density.  
 
 The relationship between the device output power and peak temperature can be 
derived from our electro-thermal simulation, in a method shown in Figure 11(b) and 
Figure 14(b). By extracting the device power at a peak temperature of 150 
o
C and using 
the defined device layout, we can calculate the figure of merit, P150°C. In the next section, 
we will demonstrate the device geometries for different Vbr applications and at different 
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scaling levels. The P150°C of these different device geometries will illustrate the relevant 
trends of device thermal performance for GaN vertical and lateral power transistors.  
 
§2.3.2  Scaling and Breakdown Voltage Levels 
Because geometrical size scaling is a method often used to further improve the 
ratio of device performance over cost, the impact of size scaling was studied for the 
vertical and lateral structures. The scaling is slightly different in each structure in order to 
keep the threshold voltage of each structure unchanged. For vertical MOSFETs, the 
scaling applies to all lateral widths except for the vertical gate electrode and gate 
dielectrics.  On the other hand, for lateral HEMTs, the scaling only applies to the widths 
of source and drain pads (Wsp), keeping the Lsg, Lg, and Lgd unchanged. If we introduce a 
scaling factor  , then the power density of vertical and lateral structures 
(         ,         ) can be expressed as (Figure 15): 
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                         (2.3.2-2) 
where     has units of mA/mm;   
 =20 µm and     
 =30 µm are the Wsp and the Wcell 
before scaling [4]. In the above calculation, the width of vertical gates and gate dielectrics 
(~100 nm) were neglected.  
 The vertical MOSFET and lateral HEMT models were subsequently used to 
design transistors with higher Vbr, including ~600 V, ~1200 V and ~5000 V, for the later 
study and prediction of their thermal performance.  
For the lateral HEMTs fabricated in our laboratory, we observed Vbr to be 
linearly-dependent on Lgd with a slope of approximately 100 V/µm, as shown by the 
measurements in Figure 16(a). This relationship and value of the slope are consistent with 
other reports [48][49]. When Lgd is larger than 20 µm, Vbr may saturate due to buffer and 
substrate. However, with the improvement of thick GaN growth technology, we believe 
41 
 
that the linear relationship between Vbr and Lgd can be extended to Vbr ~5000 V in the 
future. Accordingly, the Lgd for ~600 V, ~1200 V and ~5000 V devices were determined 
to be 7 µm, 13 µm and 51 µm. 
 
 
Figure 16 (a) Measured breakdown voltage dependence of gate-to-drain length (Lgd) for HEMT-on-Si 
structures. (b) Simple p-n junction model used in the calculation of breakdown voltage for the vertical 
MOSFETs. (c) Schematic of guard structure introduced to prevent the early breakdown at gate corners in 
the vertical MOSFETs. 
 
For vertical MOSFETs, the doping level and thickness of the n
-
-GaN drift layer 
were adjusted to achieve required breakdown voltages. Utilizing the simple p-n junction 
model shown in Figure 16(b), the doping level ND and the thickness tD of the drift layer 
designed for a target Vbr can be expressed as   
    
 
     
 and    
    
  
,  
                                                            
    
 
     
  
                                                                   
    
  
                                              (2.3.2-3)                                
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where    is the permittivity of GaN;    is the critical electric field of GaN (3.3 MV/cm). 
The potential drop in the p-GaN layer was neglected, considering       for the 
vertical MOSFETs with high Vbr. For the target Vbr
 
of ~600 V, ~1200 V and ~5000 V, the 
ND 
 
values were calculated as 4 ×10
16
 cm
-3
, 2 ×10
16
 cm
-3
 and 4.8 ×10
15
 cm
-3
, and tD values 
were 4 µm, 8 µm and 33 µm, respectively. 
For vertical U-trench MOSFETs designed with high Vbr, early breakdown at the 
U-gate corners is very likely to occur, as reported for Si and SiC devices [52][53][54]. A 
typical method to solve this problem is to introduce a guard structure with very low 
doping levels and low carrier motilities formed by ion implantation, as shown in Figure 
16(c). The doping level, Nr, and the thickness, Wr, of the guard structure were carefully 
optimized to reduce the electric field at the U-gate corners without increasing the on-
resistance significantly. The Nr and Wr for the ~600 V and ~1200 V Vbr devices were 1 
×10
15
 cm
-3 
and 1.5 µm, and those for the ~5000 V Vbr device were 1×10
14
 cm
-3 
and 1.5 
µm. For these devices, electro-thermal simulations validated that the location of the peak 
electric field was at the p-n
-
 junction rather than the U-gate corners under off-state high 
voltage conditions.  
 
§2.3.3 Thermal Performance 
As a illustration our study methodology, simulations were first performed for the 
multi-finger vertical (as shown in Figure 6) and lateral (as shown in Figure 8 with an Lgd 
of 3 µm) devices simulated in the Section 2.2 at different scaling levels ( =0.1, 0.2, 0.4, 
0.6, 0.8 and 1, in the equation 2.3.2-1 and 2.3.2-2). According to the reported Vbr for the 
vertical MOSFET in [55] and the measurements for the lateral HEMTs with an Lgd of 3 
µm, both structures have a similar Vbr around 200 V. The peak temperature dependence 
of power density derived from the simulations is shown in Figure 17(a) for vertical 
MOSFETs, and in Figure 17(b) for lateral HEMTs. As can be seen for both the vertical 
and lateral devices, the power density achievable at a peak temperature increases as the 
device size scales down. This is valid for Wsp scaled at least down to 2 µm for both 
structures. This increase in the achievable power density as the device size scales down 
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indicates that the power induced by higher device density has a stronger effect than the 
increased junction temperature created by more constricted heat spreading. 
 
 
Figure 17 The device peak temperature dependence of power density for (a) vertical MOSFETs and (b) 
lateral HEMTs with ~200 V Vbr at different size scaling levels. 
 
P150°C was calculated from electro-thermal simulations for the vertical MOSFETs 
and lateral HEMTs at different size scaling and Vbr levels, as shown in Figure 18 (a) and 
(b). For both vertical MOSFETs and lateral HEMTs, the P150°C figure of merit decreases 
with increasing Vbr. This can be explained by the simultaneous change of two factors: 
first, the thermal resistance, which determines the relationship between power and the 
peak temperature; second, Wcell, which determines the relationship between power and 
power density. For vertical MOSFETs with higher Vbr, the Wcell is unchanged while the 
thermal resistance increases due to the thicker drift layers. For lateral HEMTs with higher 
Vbr, the Wcell increases and the thermal resistance decreases due to the larger Lgd and area 
for heat to spread away from the active region. The decrease of P150°C with increasing Vbr 
reflects that the reduced power per unit area depends more strongly on the reduced 
number of devices than the reduced thermal resistance.  
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Figure 18 The P150°C, the power density at which the peak device temperature is 150 °C, of (a) the lateral 
and (b) the vertical devices as a function of different breakdown voltages and scaling levels (represented by 
Wsp). 
 
The size scaling effects are also shown in Figure 18(a) and (b). In general, for 
both the vertical and lateral devices, P150°C continues to increase as the devices are scaled 
down in size. This implies that the effect of increasing thermal resistance associated with 
the decrease in Wcell is slower than the increase in power density per unit area because of 
smaller device size. For Vbr ~5000 V lateral devices, the trend is different, as the P150°C 
first increases and then drops with scaling.  
Furthermore, the comparison between Figure 18(a) and (b) indicates that the 
P150°C of the vertical MOSFETs is larger than that of the lateral HEMTs for the same Vbr 
and size scaling levels, which suggests that the vertical MOSFET structure we simulated 
based on [55] has better heat dissipation characteristics. The percentage by which the 
P150°C of the vertical MOSFETs outperforms the P150°C of the lateral HEMTs is plotted as 
a function of Vbr and the size scaling factor in Figure 19. Vertical transistors can offer 
increasingly higher power density than lateral devices at increasing Vbr levels, 24% at 
Vbr~600 V, 32% at Vbr~1200 V and 50% at Vbr~5000 V. The level of scaling is also a 
critical metric, and the differences tend to increase at higher levels of integration and size 
scaling. When the scaling is less than a certain level (Wsp 12 µm in this case), the 
advantage begins decreasing as the Vbr increases. In summary, the thermal advantage of 
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vertical MOSFETs over lateral HEMTs is more remarkable at higher Vbr and higher 
scaling levels.       
 
 
Figure 19 Expected improvement of P150°C in vertical devices with respect to lateral devices (η=(       
         
       
       )        
       ) as a function of designed breakdown voltages and different scaling levels (represented 
by Wsp). 
 
§2.3.4 Further Discussion 
In the above comparison, a value of 1.3 W·cm
-1
K
-1
 for the room-temperature 
thermal conductivity was used for GaN in the simulation of vertical MOSFETs, and also 
for the Si substrate in the simulation of lateral HEMTs. This is to evaluate the worst case 
scenario for the thermal performance of vertical MOSFETs and also to study the 
difference in the thermal performance due to the structure difference rather than substrate 
material difference. However, in actual devices, the thermal conductivity of GaN may be 
higher due to lower dislocation densities. Recent advances in bulk GaN crystal growth 
have significantly enhanced the thermal conductivity of  GaN substrates, from 2.6 W·cm
-
1
K
-1
 to 3.8 W·cm
-1
K
-1
, which is close to the theoretical maximum GaN thermal 
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conductivity of 4.1 W·cm
-1
K
-1
 [44]. To study the thermal improvement potential of the 
vertical GaN MOSFETs, we simulated the vertical MOSFETs with a moderate GaN 
thermal conductivity of 2.6 W·cm
-1
K
-1
 and with the theoretical maximum value of 4.1 
W·cm
-1
K
-1
. We also simulated lateral HEMTs on 4H-SiC substrates (thermal 
conductivity of 4.2 W·cm
-1
K
-1
) and on Si substrates with a thickness reduced from 330 
µm to 100 µm, for the best thermal performance of lateral HEMTs. 
As can be seen in Figure 20 for the vertical MOSFETs, P150°C increases almost 
linearly with the increase of the thermal conductivity of GaN, kGaN; P150°C for a kGaN of 
4.1 W·cm
-1
K
-1
 is more than 2.5 times P150°C for a kGaN 1.3 W·cm
-1
K
-1
 for Vbr levels 
studied. In comparison with lateral HEMTs on SiC substrates or thin Si substrates, 
vertical MOSFETs also have superior thermal performance: vertical MOSFETs with a 
kGaN of 4.1 W·cm
-1
K
-1
, comparable to kSiC, offer 34% higher P150°C for a ~200 V Vbr 
design, and 96% higher P150°C for a ~5000 V Vbr design. The vertical MOSFETs with a 
kGaN of  2.6 W·cm
-1
K
-1
, only 60% of kSiC, also offer higher P150°C for high Vbr designs, 
such as a 33% higher for the ~5000 V Vbr design. These results demonstrate the 
importance of obtaining high quality of GaN substrates, which determines the thermal 
outperformance of vertical MOSFETs over lateral HEMTs, particularly in high Vbr 
designs.  
It should be noted that the layout of vertical MOSFETs used in this work, as 
shown in Figure 15(a), is just for simple comparison with lateral devices, but it has not 
been optimized. An optimized layout, such as ‘honey-comb’ structures, can provide a 
higher power density for vertical MOSFETs, as shown in Figure 21. However, we should 
also note that the cost of high quality GaN substrates is still high, which makes the 
vertical GaN MOSFETs less cost effective than lateral HEMTs. This needs to be 
considered for industry production. 
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Figure 20 The P150°C of the vertical MOSFETs with different GaN thermal conductivities and the lateral 
HEMTs on SiC substrates, and on Si substrates with a normal thickness of 330 µm and a reduced thickness 
of 100 µm. All of these devices are at the scaling level of Wsp=4 µm.   
 
 
Figure 21 An optimized layout of sources and gates for vertical MOSFETs, which can provide higher 
power density.  
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§2.4 Conclusion 
In this chapter, self-consistent electro-thermal simulations have been 
demonstrated for single finger and multi-finger GaN-based vertical MOSFETs and lateral 
HEMTs and were validated with experimental DC characteristics. The models were used 
to study the device thermal performances by calculating a figure of merit P150°C, the 
maximum power density achievable without the peak temperature exceeding a safe-
operation limit of 150 °C.  The thermal performance of GaN-based vertical MOSFETs 
and the lateral HEMTs designed for different Vbr application and at different size scaling 
levels was studied. The comparison of thermal performance between two structures 
revealed that the vertical MOSFETs investigated in our work have the potential to 
achieve an up to 50% higher P150°C, especially for higher breakdown voltage and higher 
size scaling level designs. 
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Chapter 3 Fabrication of Enhancement-mode MOS-HEMTs 
by Fluorine Treatment 
§3.1 Introduction 
In Chapter 1, it was shown that in spite of the tremendous potential of nitride 
transistors in high efficiency power applications, there are still several technical problems 
to be resolved. One main challenge for GaN based lateral HEMTs is to realize the 
normally-off operation. Standard AlGaN/GaN high-electron-mobility transistors 
(HEMTs), are depletion-mode (D-mode) devices. However, enhancement-mode (E-mode) 
nitride transistors with a threshold voltage (Vth) ~ 3 V [16] are highly desirable to 
simplify circuit design and to enable fail-safe operation [56] in power electronics. 
Various methods, such as gate-recess and fluorine treatment, have been developed to 
realize the normally-off operation in HEMT, but the highest Vth is only ~1 V.  In order to 
further enhance the Vth, E-mode metal-oxide-semiconductor (MOS) HEMTs have been 
developed by combining a MOS gate structure with various techniques, including gate-
recess [57], dual-gate integration [56], tri-gate structure [10] and fluorine plasma 
treatment [17], since the use of a gate oxide is expected to facilitate a more positive Vth 
by capacitance modulation, which can be quantitatively expressed as, 
                                                  (  
      
   
)                                    (3.1-1)  
where the          is the threshold voltage of HEMTs, and the             is the 
threshold voltage of MOS-HEMTs with the same gate structure. In addition, the use of a 
gate oxide can bring more benefits, including the suppression of the gate leakage [56][58], 
and the improvement of channel transport characteristics [58] and device stability [59]. 
 However, the gate oxide in GaN MOS-HEMTs has been shown recently to affect 
the Vth not only as a result of the lower gate capacitance of the increased gate-to-channel 
spacing but also through interface and bulk charges/traps. [19] It has been shown that the 
Vth in GaN MOS-HEMT structures hardly increases, in fact sometimes it decreases, with 
the deposition of a thick Al2O3 gate oxide, [60] due to the presence of positive interface 
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charges [60][18] and positive oxide bulk charges. [20] This has become a great challenge 
in the design of high-Vth E-mode MOS-HEMTs. [16] 
 According to the discussion above, we can see that positive oxide bulk charges 
and positive interface charges need to be mitigated or eliminated in order to achieve a 
high Vth in the MOS-HEMTs. Among various methods proposed to achieve normally-off 
operation, fluorine treatment seems to be an excellent candidate to reduce the positive 
charges, since it can introduce negative fixed fluorine charges into the structure. Thus, in 
our work, we select the fluorine treatment as a method to realize high-Vth E-mode MOS-
HEMTs. 
 Since they first proposed and demonstrated the fluorine plasma treatment in GaN 
HEMTs, Professor K. J. Chen’s group in Hong Kong has conducted extensive study on 
the mechanism and stability of fluorine ions in AlGaN/GaN HEMTs. They have reported 
that the fluoride-based plasma can implant F ions into GaN and the implanted F ions tend 
to be stabilized at the interstitial sites by the repulsive forces from the neighboring atoms 
(Al, Ga or N). As F has very strong electronegativity among all the chemical elements, a 
single F ion at the interstitial site tends to capture a free electron and become a negative 
fixed charge. These negative fixed charges subsequently modulate the local potential, 
deplete the 2DEG in the channel and result in a positive threshold voltage. [61] They 
have demonstrated the operation of enhancement-mode AlGaN/GaN fluorinated HEMTs 
at a high temperature [62] and under the off-state and on-state long-term high-electric-
field stress. [63] In addition, they have also demonstrated a fabrication using standard ion 
implantation rather than plasma treatment to introduce fluorine ions into AlGaN/GaN 
HEMTs. [64] 
 However, most of the reports of the fluorine treatment are limited to AlGaN/GaN 
HEMTs, and the highest Vth achievable is ~ 1 V. In contrast, only very few fabrication of 
fluorinated MOS-HEMTs have been reported up to date. The main reason for this 
situation is probably due to the complexity of fluorine ion diffusion in the fabrication of 
MOS gate structure. In particular, the deposition of gate oxide with good quality 
generally requires a high temperature > 250 
o
C. However, there are some concerns that 
the fluorine ions implanted into the AlGaN/GaN structure cannot sustain such a high 
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temperature and a large portion of fluorine ions will escape during the high temperature 
deposition. Another concern is that damage might be introduced to the surface of AlGaN 
after the fluorine plasma treatment and the interface states at the oxide/AlGaN might be 
increased greatly. In summary, many fabrication challenges exist in the combination of 
MOS gate structure and fluorine treatment.  
In the three papers published so far on fluorinated MOS-HEMTs, different 
regions of the MOS structure were treated by fluorine plasma. However, none of the 
reported technologies have been well and completely established. C. Chen et al [65] 
reported a fluorine plasma treatment after the gate oxide deposition but before the gate 
electrode deposition to fabricate fluorinated gate dielectrics, with the Vth shifting from -
4.8 V to 0.11 V. They later [66] attributed this shift to the possible negative charge in the 
fluorinated gate oxide. However, there still lack of results about the thermal stability, 
breakdown and trapping effect of their reported fluorinated gate oxide; nor possible ways 
to further increase the Vth. C. T. Chang et al. [17] reported a fluorine plasma treatment 
before the gate oxide deposition, with a Vth shifting from ~ 1 V to ~ 5 V. Later, Z. Dong 
et al. [67] reported an improvement of device performance using the same method and 
achieved a 5.3 A/400 V normally-off operation and a Vth ~ 3.5 V. However, in these two 
reports, the large Vth shifts from fluorinated HEMTs to fluorinated MOS-HEMTs are 
difficult to be explained by simple capacitance modulation (the equation 3.1-1) and no 
physics explanation has been given. Also, these two reports did not discuss any results on 
the trapping effect of fluorinated MOS-HEMTs or the stability of fluorine ions in the 
MOS gate structure. The analysis of all these reports suggests a need for a systematic 
study of fluorinated MOS-HEMTs.  
 Briefly and in general terms fluorine ions are possibly incorporated into two 
regions in the fluorinated MOS-HEMTs: one region is in the dielectric (oxide) layer and 
the other is in the barrier layer (AlGaN) under the gate, as shown in Figure 22. The 
fluorine ions can be incorporated into each region with two basic methods: one is by ion 
injection (plasma treatment, ion implantation etc.) and the other is by ion diffusion. In our 
work, we have tried the fluorine incorporation into the two regions with different 
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methods. In this chapter, we will first demonstrate our work on the fluorination into the 
gate dielectric region, and then on the fluorination into the barrier region.   
 
Figure 22 Schematic of fluorinated MOS-HEMTs and two possible fluorinated regions with negative 
charges.  
 
§3.2 Fluorination into Gate Oxide 
 The AlGaN/GaN HEMT structure used in this work was a commercial wafer 
grown in a 6 inch Si substrate by metal-organic chemical vapor deposition. It consists of 
3 nm GaN cap / 18 nm Al0.26Ga0.74N / 1.2 µm unintentionally doped GaN / ~ 2.4 µm 
GaN/AlN superlattice buffer / Si substrate. The device fabrication starts with Ohmic 
contact formation. Ti/Al/Ni/Au (20/100/25/50 nm) alloyed source and drain ohmic 
contacts were formed by rapid thermal annealing at 870 
o
C for 30 s. [47] The mesa 
isolation followed the ohmic contact formation and was formed by 10-min electron 
cyclotron resonance (ECR) reactive ion etching (RIE) with a 100 W BCl3/Cl2 plasma, 
which produced a ~200 nm etch depth. After the mesa, the sample surface was cleaned 
through a two-step process: a UV-ozone step at 260 
o
C for 10 minutes followed by an 
HCl clean for 1 minute. Al2O3 gate dielectrics were then deposited by atomic layer 
deposition (ALD) at 250 
o
C. Then the gate region of the devices was defined by optical 
lithography and the gate region was exposed to an O2 plasma treatment to ensure the 
complete removal of photoresist in the gate region. Then the gate region of the devices 
was treated by CF4 plasma in an ECR-RIE system at different ECR power and RF power 
for the fluorination into gate oxide. After the treatment, a 2-µm-long gate electrode with a 
Ni/Au/Ni (30/200/50 nm) metal stack was deposited. Finally, a post-gate annealing was 
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conducted, which will be discussed in detail in the next section. All the transistors have a 
gate-to-source length (Lgs) of 1.5 µm and a gate-drain length (Lgd) varying from 3 to 20 
µm.  
 The critical step in the above process is the fluorination into gate oxide in ECR-
RIE system. An ideal fluorination condition introduces enough fluorine ions into the gate 
oxide with the minimum etching of the gate oxide. Five main parameters in the ECR-RIE 
system can be adjusted to achieve the ideal fluorination condition: ECR power, RF power, 
CF4 gas flow rate, CF4 gas pressure and chuck temperature.  ECR power controls the 
plasma generation and determines the plasma density. RF power controls the bias 
between the chuck and the plasma gun and provides the kinetic energy of the ions in 
plasma required for anisotropic etch. These two power conditions have the greatest 
impact on the fluorination. 
 During the optimization of the fluorination conditions, we checked the etching 
and fluorine ions by two measurements. The etch rates of different plasma conditions 
were measured by a Filmetrics System on Al2O3-on-Si samples. The implanted fluorine 
ions were indirectly characterized by the Hall measurements. As the fluorine ions would 
deplete the 2DEG density in the HEMT structure, the change of fluorine ions can be 
reflected by the change of 2DEG sheet charge density measured by the Hall 
measurements. 
 Table III summarizes the etching depths by different CF4 plasma conditions with 
a time of 100 s and 200 s on Al2O3-on-Si samples. The thickness of Al2O3 before etching 
is ~29.4 nm. From the etch rates of condition #1 ~ condition #8, it has been shown that 
the etch rate increases for both increasing ECR power and increasing RF power, due to 
the enhanced chemical etching and physical etching at high ECR and RF powers. In most 
cases, the etch rate is proportional to both ECR power and RF power. However, when the 
RF power is low, such as 10 W (condition #4 ~ #6) and 5 W (condition #7 ~ #8), the etch 
rate increases with the increasing ECR power at first, but “saturates” as the ECR power 
further increases. This is because the etching rate is mainly limited by the physical 
etching for the conditions with low RF power and high ECR power. From the comparison 
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between condition #9 and #10 and condition #11 and #12, we can see that the etching rate 
is not sensitive to the CF4 flow rate but increases with reduced CF4 pressure. 
 
Table III. The etching depths by different CF4 plasma conditions with a time of 100 s and 
200 s on Al2O3-on-Si samples. 
Condition 
Number 
RF 
power 
(W) 
ECR 
power 
(W) 
Flow 
Rate 
(sccm) 
Pressure 
(mtorr) 
Thickness 
after 100s 
etch (nm) 
Thickness 
after 200s 
etch (nm) 
Etch Rate 
(nm/100s) 
1 20 100 20 15 25.3 20.2 ~5 
2 20 150 20 15 20.4 10.0 ~10 
3 30 100 20 15 22.2 13.3 ~8 
4 10 100 20 15 28.9 26.9 ~2 
5 10 150 20 15 25.8 20.6 ~5 
6 10 200 20 15 25.8 20.5 ~5 
7 5 150 20 15 29.1 27.2 ~1.5 
8 5 200 20 15 29.1 27.0 ~1.5 
9 10 150 30 15 25.5 20.4 ~5 
10 10 150 10 15 26.3 20.2 ~5 
11 10 150 20 25 27.5 23.9 ~3 
12 10 150 20 10 22.6 15.3 ~7 
 
 Figure 23 shows the depletion of 2DEG density as a function of fluorine plasma 
time by two plasma conditions (ECR=100 W, RF=20 W and ECR=150 W, RF=20 W). 
The point when 2DEG density is depleted to zero corresponds to the fluorine plasma time 
needed to achieve the normally-off device. Using the etch rate data in the Table III, the 
fluorination time corresponding to the complete etching of gate oxide was calculated and 
noted as the red lines in Figure 23. As shown, these two conditions cannot deplete 
enough 2DEG and enable a normally-off device before the gate oxide was fully etched. 
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Figure 23 Depletion of 2DEG density as a function of fluorine plasma time by two plasma conditions 
(ECR=100 W, RF=20 W and ECR=150 W, RF=20 W). The red line shows the fluorination time before the 
gate oxide is fully etched. 
  
 To better demonstrate the capability of fluorination and the etching effect for a 
plasma condition, we can plot the sheet charge density as a function of etched thickness. 
Figure 24 shows this plot for different fluorine plasma conditions, with various ECR 
power and RF power combinations but the same CF4 gas flow rate (20 sccm) and 
pressure (15 mtorr). The green line in Figure 24 shows the curve of an ideal fluorination 
condition, which can enable the 2DEG depletion without any etching. From Figure 24, 
we can see that a plasma-condition’s capability to deplete 2DEG at a given etching 
thickness is mainly determined by the RF power. This can be understood from the 
microscopic picture of fluorination and its depletion of 2DEG. Similarly to the reported 
fluorination into the AlGaN/GaN structure, the fluorination can deplete the 2DEG by 
forming negatively charged fluorine ions in the oxide. Large energy is needed for fluorine 
ions to be injected into the Al2O3, establish new chemical bonds with Al and O, and form 
fluorine negative charges. This energy is mainly provided by the RF power in an ECR-
RIE system. Thus, with a higher RF power, more fluorine ions are able to form negative 
charges in the oxide; a plasma condition with higher RF power has a larger capability in 
2DEG depletion.  
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Figure 24 Depletion of 2DEG sheet charge density as a function of etched oxide thickness for different 
fluorine plasma conditions, with various ECR power and RF power but constant CF4 flow rate and pressure. 
The green line shows the curve for an ideal condition for fluorination. The transistors used in the 
measurement have a gate oxide of 10 nm Al2O3. 
  
 Unfortunately, a plasma condition with high RF power suffers from severe 
physical etching. As shown in Figure 24, no plasma conditions with a fluorine RF power 
from 5 W to 20 W can enable a complete depletion of 2DEG before the Al2O3 gate oxide 
is etched away. Figure 25 shows the plot of 2DEG depletion as a function of etched 
thickness for different fluorine plasma conditions, with various CF4 flow rate and 
pressure but constant ECR power (150 W) and RF power (5 W). As can be seen, the 
plasma’s capability to deplete 2DEG at a given etching thickness is not sensitive to CF4 
pressure and gas flow rate.  
 In summary, for our ECR-RIE system, it is difficult to find a fluorine plasma 
condition which can enable enough 2DEG depletion without too much etching. New 
methods need to be introduced to implement the fluorination into oxide. At the same time, 
we can also consider an alternative to realize the normally-off fluorinated MOSHEMTs – 
fluorination into AlGaN/GaN layers.    
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Figure 25 Depletion of 2DEG sheet charge density as a function of etched oxide thickness for different 
fluorine plasma conditions, with various CF4 flow rate and pressure but constant ECR power (150 W) and 
RF power (5 W). The transistors used in the measurement have a gate oxide of 10 nm Al2O3. 
 
§3.3 Fluorination into AlGaN/GaN 
 We first fabricated fluorinated HEMTs, which will be demonstrated in this section, 
and then fabricated the fluorinated MOS-HEMTs, which will be demonstrated in the next 
section. The AlGaN/GaN HEMT structure used in this fabrication was a commercial 
wafer grown in a 6 inch Si substrate by metal-organic chemical vapor deposition. It 
consists of 3 nm GaN cap / 18 nm Al0.26Ga0.74N / 1.2 µm unintentionally doped GaN / ~ 
2.4 µm GaN/AlN superlattice buffer / Si substrate. 
  
§3.3.1 Fluorinated HEMTs 
  §3.3.1.1 Electrical Characteristics 
 In the fabrication of fluorinated HEMTs, a 10 nm Al2O3 is deposited by ALD at 
250 
o
C after the Ohmic formation and mesa etching. The 10 nm Al2O3 can serve as a 
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passivation layer for HEMTs to avoid the influence from surface states in the access 
region. The deposition of passivation layer before fluorine plasma treatment and gate 
formation is to avoid possible adverse effects of the high temperature process to fluorine 
ions, as the deposition of passivation layer typically requires a high-temperature process 
for a relatively long time (e. g. 250 
o
C for ALD, and 300 
o
C for PECVD). After the Al2O3 
deposition and lithography, the gate region of the device was treated by fluorine plasma 
for enough time to achieve positive threshold voltage. From the discussion in the last 
section, we know that during this plasma time, the 10 nm Al2O3 at the gate region was 
completed etched, so it is the fluorination into AlGaN/GaN that transforms the device 
into normally-off. After the fluorine plasma treatment, a Ni/Au/Ni gate electrode was 
deposited to form a Schottky gate. Finally, a post-gate annealing was conducted at 400 
o
C 
in the N2 ambient for the channel damage recovery and fluorine activation. [17] The time 
of this post-gate annealing was studied in detail, which will be shown later in this section. 
 Figure 26 shows the electric characteristics for the fabricated fluorinated HEMT. 
The fluorine plasma condition used was an ECR power of 150 W, a RF power of 20 W 
and a plasma time of 150 s. A post-gate annealing in N2 at 400 
o
C
 
for 5 min was applied. 
Figure 26 (a) shows the transfer characteristics of the fluorinated HEMTs measured at 
VDS=8 V, where a positive Vth has been achieved. If we use the IDS=10 µA/mm in the sub-
threshold region to define the Vth [68], the Vth is around 0.5 V. If we plot the transfer 
characteristics in linear plot and then use the current extrapolation to extract the Vth, 
which is typically used in previous reports of fluorinated HEMT [64][69][17], then the 
extracted Vth would be higher as close to 1 V. To understand the physics behind this Vth, 
we need to de-couple the possible effects from etching and fluorination. Using the 
etching rate from Table III, we know the 10 nm Al2O3 was fully etched during the first 
100 s fluorine plasma. According to the etching rate measured for fluorine plasma (ECR 
power=150 W and RF power=20 W) to AlGaN/GaN (the detailed results will be shown 
in the next section), the remaining 50 s fluorine plasma would etch 3~5 nm of GaN or 
AlGaN. This means that only the GaN cap and 1~2 nm AlGaN would be etched during 
the fluorine plasma treatment, which would not be a large contributor to the Vth change. 
Thus, the fluorination into AlGaN/GaN is mainly responsible to the Vth change from 
negative to positive. 
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Figure 26 Transfer characteristics (a) and output characteristics (b) of the fluorinated AlGaN/GaN HEMTs 
with Lsg=1.5 µm, Lg=2 µm and Lgd=10 µm.  (c) The Ig-Vg characteristics measured by floating the drain 
contact and contacting the source and gate contacts. (d) The off-state IDS-VDS characteristics measured at 
Vg=0 V.  
    
 Figure 26 (b) shows the output characteristics of the fluorinated AlGaN/GaN 
HEMTs. As shown, an on-resistance of 6.2 Ω·mm (1.0 mΩ·cm2) and a maximum drain 
current of 400 mA/mm have been achieved for the normally-off HEMTs. This 
performance is one of the best reported for fluorinated HEMTs [70] Most of the 
fluorinated HEMTs previously reported have a maximum current of ~ 200 mA/mm and 
an on-resistance > 2  mΩ·cm2. Figure 26 (c) shows the gate leakage current measured by 
connecting the source and the gate but floating the drain electrode. A gate leakage of 10
-5 
mA/mm has been achieved when VGS is at least up to -10 V. Figure 26 (d) shows the off-
state IDS-VDS characteristics of the fluorinated AlGaN/GaN HEMTs measured at VGS=0 V. 
As shown, a breakdown voltage (Vbr) of 800 V has been achieved if we adopt the leakage 
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current criteria as 1 mA/mm, with a Vbr of 500 V for the current criteria of 10 µA/mm. 
This high Vbr suggests the stability of fluorine ions in AlGaN/GaN under high electric 
field. Moreover, this Vbr measured at VGS=0 V is the highest reported for the fluorinated 
HEMTs.   
 At last, we would like to highlight the deposition of thin Al2O3 (~10 nm) before 
fluorination in our process. Compared to conventional process, where no thin oxide layer 
is on top of GaN/AlGaN during the fluorination, the deposition of thin oxide layer can 
not only avoid the high-temperature deposition of passivation layers in the access region 
after the fluorination, but also reduce the etching of AlGaN/GaN to achieve a normally-
off condition. In our process, 150 s fluorine plasma is needed to achieve the normally-off, 
where 10 nm Al2O3 layer, 3 nm GaN cap layer and 1~2 nm AlGaN layer were etched. We 
also tried using the same fluorine plasma condition to treat the AlGaN/GaN structure 
without top thin oxide layer, and found that a 120 s fluorine plasma time is needed to 
achieve the normally-off. In this case, 3 nm GaN cap layer and 7.5~9 nm AlGaN layer 
are etched. The reason of the less etching with a thin oxide layer can be understood from 
the microscopic picture of fluorination. When the fluorine plasma is applied to the thin 
oxide, some fluorine ions with high energy can still enter GaN/AlGaN and form fixed 
charge inside. However, the plasma etching effects are mainly done on the oxide layer 
until this is fully etched. This enables a much reduced GaN etching to achieve the 
normally-off devices. Moreover, in the comparison of device performance, the HEMTs 
fabricated using the latter process (without thin oxide layer) have lower maximum current, 
larger on-resistance and much large current dispersion in the pulse measurements, due to 
a deeper etch into AlGaN/GaN layers and lack of passivation layer.  
  
  §3.3.1.2 Post-gate Annealing 
 Post-gate annealing is a critical step in the fabrication of fluorinated HEMTs and 
MOS-HEMTs. It has been reported that post-gate annealing at 400 
o
C in N2 can recover 
the channel damage induced by the fluorine plasma and activate the fluorine ions in the 
AlGaN/GaN structure. [17] However, there has not been a systematic study of post-gate 
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annealing time and its influence in transistor leakage current, threshold voltage and 
breakdown voltage. Thus, for the optimization of our process, we have done a systematic 
study regarding the influence of post-gate annealing time to device electrical 
characterizations. 
 A study was first conducted on the AlGaN/GaN samples that had been treated by 
the fluorine plasma but did not have gate electrode on top. Hall measurements were used 
to characterize the change of 2DEG density and channel mobility during the fluorine 
plasma treatment and the post annealing. Figure 27 shows the change of sheet charge 
density and 2DEG mobility in the fluorination and annealing for two plasma times (one 
with an ECR power of 100 W and a RF power of 20 W, the other with an ECR power of 
150 W and a RF power of 20 W). As can be seen, without a metal electrode on top, the 
fluorination effects were reduced by 50% after 30 s annealing at 400
o
C in the N2, and 
further reduced after 300 s annealing. These results indicate that the annealing cannot be 
done before the gate electrode deposition. 
 Figure 28 (a) shows the transfer characteristics of a fluorinated HEMT before and 
after 30 s, 300 s, 600 s and 1800 s post-gate annealing at 400 
o
C in N2. The normally-off 
fluorination condition used for the HEMT is with an ECR power of 100 W, a RF power 
of 20 W and a time of 350 s. As can be seen, after 30 s annealing, the off-state IDS 
decreased by one order of magnitude, from ~10
-3
 mA/mm to ~10
-4
 mA/mm, and the Vth 
also decreased by ~0.5 V. The off-state IDS and Vth kept unchanged when the annealing 
time is up to 10 min. However, when the annealing time increases to 30 min, the device 
threshold transition becomes not sharp. This is probably due to the high-temperature 
degradation and trap creation in the device. 
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Figure 27 The change of sheet charge density and 2DEG mobility in the fluorination and annealing for two 
plasma times (one with an ECR power of 100 W and a RF power of 20 W, the other with an ECR power of 
150 W and a RF power of 20 W). 
 
Figure 28 (a) Transfer characteristics of a fluorinated HEMT before and after 30 s, 300 s, 600 s and 1800 s 
post-gate annealing at 400 
o
C in N2. The fluorination condition before the annealing is with an ECR power 
of 100 W, a RF time of 20 W and a time of 350 s. (b) The off-state IDS change as a function of annealing 
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time (before and after 30 s, 300 s, 600 s and 1800 s) for samples untreated and treated by fluorine plasma 
with different conditions. The second to fourth plasma conditions are all “normally-off” fluorination 
conditions. 
 
Figure 28 (b) plots the off-state IDS change as a function of annealing time (before 
and after 30 s, 300 s, 600 s and 1800 s) for samples untreated and treated by fluorine 
plasma with four different conditions. As can be seen, for all fluorination conditions, the 
off-state IDS decreased by one order of magnitude after 30 s annealing and kept stable or 
slightly decreased with increasing annealing time. Moreover, compared to un-fluorinated 
samples, the off-state IDS is smaller for fluorinated samples with 10 min or shorter post-
gate annealing. This reduced off-state IDS in fluorinated samples is probably due to the 
passivation effect of fluorine plasma to the defects and dislocations in the AlGaN/GaN. 
Figure 29 (a) shows the gate leakage current of a fluorinated HEMT before and 
after 30 s, 300 s, 600 s and 1800 s post-gate annealing at 400 
o
C in N2. The normally-off 
fluorination condition used for the HEMT is with an ECR power of 100 W, a RF power 
of 20 W and a time of 350 s. As can be seen, after 30 s annealing, the gate leakage 
current decreased by one order of magnitude, from ~10
-3
 mA/mm to ~10
-4
 mA/mm; the 
gate leakage kept decreasing with increasing annealing time: it decreased by two orders 
to 10
-6
 mA/mm when the annealing time is increased to 10 min, but did not decrease 
further, and in some cases it slightly increased, for an annealing time of 30 min. 
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Figure 29 (a) Gate leakage of a fluorinated HEMT before and after 30 s, 300 s, 600 s and 1800 s post-gate 
annealing at 400 
o
C in N2. The fluorination condition before the annealing is with an ECR power of 100 W, 
a RF time of 20 W and a time of 350 s. (b) The gate leakage current at VGS=-20 V as a function of 
annealing time (before and after 30 s, 300 s, 600 s and 1800 s) for samples untreated and treated by fluorine 
plasma with different conditions.  
 
Figure 29 (b) plots the gate leakage current as a function of annealing time (before 
and after 30 s, 300 s, 600 s and 1800 s) for samples untreated and treated by fluorine 
plasma with four different conditions. As can be seen, for samples treated by fluorine 
plasma and with a post-gate annealing for 10 min or shorter time, the gate leakage current 
is two or three orders of magnitude smaller than the samples without fluorine plasma 
treatment. The reason for this reduced gate leakage lies in two aspects: first, it has been 
reported [71] that the CF4 plasma may react with GaN/AlGaN to form nonvolatile F-
containing compounds and these compounds can form an insulating surface layer that 
blocks leakage current; second, the fluorine ions may passivate the dislocations and 
defects and form tight bonds with other atoms in the GaN/AlGaN. From figure 29 (b), we 
can also see that the gate leakage current drops dramatically after 30 s annealing and 
slightly drops with increasing annealing time. However, as the annealing time is longer 
than ~ 30 min, the gate leakage current increases. We propose that the first gate leakage 
drop right after annealing might be due to the recovery of plasma damage, and the gate 
leakage increase for a long annealing time might be due to the degradation of the F-
containing insulating surface layer. A more detailed study, such as transmission electron 
microscope (TEM) scan, is needed to completely understand the mechanism of gate 
leakage change. 
 Figure 30 shows the breakdown voltage of a fluorinated HEMT before and after 
30 s, 300 s, 600 s and 1800 s post-gate annealing at 400 
o
C in N2. The normally-off 
fluorination condition used for the HEMT is an ECR power of 150 W, a RF power of 20 
W and a time of 150 s. As can be seen, if we adopt IDS=10 µA/mm as a criteria for 
breakdown voltage (Vbr), the Vbr before post-gate annealing is about 300 V, while the Vbr 
after 5 min or 10 min annealing increases to about 500 V, due to the lower off-state IDS, 
which has been demonstrated in Figure 28. For even longer post-gate annealing (~30 
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min), the Vbr further increases to 700 V due to the lower off-state IDS and the higher gate 
leakage current (Figure 29).   
 
Figure 30 Off-state I-V characteristics (measured at VGS=-2 V) of a fluorinated HEMT before and after 30 s, 
300 s, 600 s and 1800 s post-gate annealing at 400 
o
C in N2. The normally-off fluorination condition used 
for the HEMT is with an ECR power of 150 W, a RF power of 20 W and a time of 150 s.  
 
§3.3.2 Fluorinated MOS-HEMTs 
  §3.3.2.1 High Threshold Voltage Mechanism 
The wafers used for the fluorinated MOS-HEMTs are also AlGaN/GaN-on-Si 6 
inch commercial wafers. The fabrication starts with Ti/Al/Ni/Au ohmic contact formation 
and mesa isolation. Then the gate region of the devices was treated by CF4 plasma in our 
ECR-RIE system at an ECR power of 150 W and an RF power of 20 W (flow rate of 20 
sccm and pressure of 15 mtorr) for three different times: 150 s, 160 s and 170 s. These 
three plasma times introduce enough fluorine ions into the transistor structure to convert 
devices from depletion mode to enhancement mode, without severe 2-DEG mobility 
degradation and channel damage. The 3 nm GaN cap and the top 10 to 11.5 nm of the 
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Al0.26Ga0.72N layer were etched by 150 s to 170 s CF4 plasma, as measured by atomic 
force microscopy (shown in Figure 31). The etching depth was further verified by 
Capacitance-Voltage and secondary-ion mass spectrometry (SIMS) measurements 
(details shown later). After CF4 plasma treatment, the surface of the gate region was 
cleaned through a two-step process: a UV-ozone step at 260 
o
C for 10 minutes followed 
by an HCl clean for 1 minute. Al2O3 gate dielectrics with thickness of 8 nm, 15 nm, 20 
nm and 25 nm were then deposited by atomic layer deposition (ALD) at 250 
o
C. A 
Ni/Au/Ni gate electrode with a larger length than the fluorine region was then deposited 
covering the fluorinated region. This makes an integrated dual-gate structure similar to 
the one reported in [56] for HEMTs, which can reduce the electric field in the 
enhancement-gate (E-gate) region and therefore enhance the breakdown voltage and 
device reliability [63]. Finally, the samples were annealed at 400 
o
C for 5 min in N2 
ambient to heal potential channel damage and activate the fluorine ions. Transistors with 
a source-gate spacing of 1.5 µm, an E-gate length of 2 µm, a Depletion-gate (D-gate) 
length of 1 µm and gate-drain spacing of 9 µm, as well as circular MOS diodes with a 
diameter of 180    were fabricated in the same sample. Schematic of the fabricated 
transistor is shown in Figure 32.  
 
 
Figure 31 Atomic force microscope image of the gate region in a HEMT structure after 150 s CF4 plasma 
treatment. The depth profile of the cutline reveals an etched depth of ~13 nm. 
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Figure 32 Schematic of the E-mode MOS-HEMT by fluorine plasma treatment. 
 
Three critical fabrication steps are worth explaining, as no detailed fabrication of 
fluorinated MOS-HEMTs has been reported up to date. The first one is about the fluorine 
plasma time. The minimum fluorine plasma time needed to achieve the normally-off 
MOS-HETMs, 150 s, was found to be longer than the minimum fluorine plasma time 
needed to achieve the normally-off HEMTs (~120 s). This need of “over-plasma-
treatment” is due to the removal of fluorine ions on the top AlGaN layers during the high-
temperature ALD processes and the surface cleaning process before ALD. The second 
point is about the surface cleaning process before ALD. An UV-Ozone cleaning 
procedure was found to be necessary to achieve fluorinated MOS-HEMTs with small 
hysteresis and low oxide/semiconductor interface states, in that the UV ozone is an 
effective tool for the removal of organics. To be specific, the ozone adsorbs UV light to 
form atomic oxygen, which reacts with surface organics to produce carbon-oxygen-based 
products which desorb from the surface. [72] In our fabrication, the chuck temperature 
during the UV Ozone treatment was set to 260 
o
C, which was a little higher than the 
temperature of ALD process (250 
o
C), to remove the unstable fluorine ions in the 
AlGaN/GaN structure at the ALD temperature. The impact of the UV-Ozone step was 
confirmed in our fabrication of three groups of samples with different ALD procedures: 
the 250 
o
C ALD of 15 nm Al2O3 without UV-Ozone cleaning was applied for the first 
group; the 250 
o
C ALD of 15 nm Al2O3 with UV-Ozone cleaning was applied for the 
second group; the 125 
o
C ALD of the first 5 nm Al2O3 and 250 
o
C
 
ALD of the rest 10 nm 
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Al2O3 without UV-Ozone cleaning was applied to the third group of devices. Electrical 
characterization of these devices reveals reduced hysteresis and a sharpest sub-threshold 
transition for the samples in the second group.  The third fabrication step worth 
explaining is the post-gate annealing. Apart from N2, the post-gate annealing was also 
tried under two other gas chemistries widely used for the gate oxide annealing, H2 and 
forming gas. The annealing in H2 or forming gas was found to greatly deteriorate the 
transistor sub-threshold transition and lower the threshold voltage. We suspect that the H
+
 
in the gas may remove the negatively charged fluorine ions in the AlGaN/GaN or gate 
oxide, though more microscopic studies are needed to confirm this. 
Figures 33 (a) and (b) show the transfer characteristics of standard and fluorine-
plasma-treated MOS-HEMTs with different gate oxide thickness. In the literature, many 
different methods to extract the threshold voltage have been proposed, including 
transconductance extrapolation [10] and current extrapolation under linear regime [73] 
and saturation [56][57][74]
 
operation conditions. However, these methods could suffer 
from uncertainties in the extrapolation, since the current or transconductance 
characteristics can deviate from ideal straight line behavior in the threshold region.[74] 
Thus, in this work, a constant-current method, widely used for MOSFETs [74]
 
and 
HEMTs [68],
 
was adopted to extract and compare the Vth of different devices and the Vth
 
is defined as the gate voltage when drain current reaches 10 µA/mm at Vds=1 V in the 
subthreshold region.[68] The transistor Vth defined in this way was found to be 
independent of Vds (measured from Vds=1 V to Vds=10 V) and consistent with the 
capacitance turn-around point extracted from C-V curves of MOS diodes [19] (A typical 
C-V curve of the fluorinated MOS diodes will be shown later).  
As can be seen from Figure 33, a Vth higher than 3.5 V has been achieved for the 
fluorinated MOS-HEMTs. This large increase in Vth in fluorinated MOS-HEMTs 
compared to fluorinated HEMTs (0.5 V~1 V) is difficult to explain simply by capacitance 
modulation due to increased gate-to-channel distance. Moreover, as shown in Figure 33, 
the dependence of Vth on oxide thickness is far from linear. There is, therefore, a need for 
a systematic study of the Vth in E-mode fluorinated MOS-HEMTs, and the derivation of a 
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comprehensive model for Vth calculation, which takes into account fluorine effects and 
different charges and traps quantitatively. 
 
 
Figure 33 Transfer characteristics of (a) standard and (b) fluorinated MOS-HEMTs with different oxide 
thickness. 
 
By modifying the model for a standard MOS-HEMT, [19] the Vth for fluorinated 
MOS-HEMTs can be expressed as, 
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where    is the metal barrier height for Ni on Al2O3
 
(i.e. 3.5 eV [18][19]),     is the 
conduction band offset between Al2O3 and GaN (i.e. 2.1 eV [18][19]),    is the 
conduction band distance from the Fermi-level in GaN (~0.2 eV [19]). t is the thickness,  
  is the permittivity, and the subscripts ox and b refer to the oxide (Al2O3) and barrier 
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layer (AlGaN), respectively.     ̅̅ ̅̅̅ is the average oxide bulk charge (per unit volume). 
              and            are the interface charge density at the Al2O3/AlGaN 
interface (more details below) and the AlGaN/GaN-channel interface (+7×10
12
 cm
-2
, 
estimated by gated-Hall measurements of 2-DEG sheet charge density). 
           is the conduction band shift induced by the fluorine plasma treatment. 
It has been reported that the main contributing factor to this band shift is not the change 
in the surface potential, but rather the negative fixed charges due to F ions in AlGaN/GaN 
heterostructures.[68][75] In this work,           is assumed to be the result of only 
negative fluorine charges. If we set the origin of the x axis (   ) at the Al2O3/AlGaN 
interface as shown in Figure 2(a), then           can be expressed as, 
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where    ( )  is the effective fluorine negative charge density (per unit volume) in the 
AlGaN and GaN;  ( ) is defined as a fluorine equivalent interface charge (per area) 
located at the AlGaN/Al2O3 interface calculated by integration of the fluorine negative 
charge in the bulk GaN and AlGaN;  ( ) is defined as a constant band bending only 
dependent on density of fluoride-induced charge and distribution, but independent of the 
gate oxide thickness. By incorporating the equation 3.3.2.1-2 into 3.3.2.1-1, we get 
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Equation 3.3.2.1-3 indicates that     can be described by a quadratic polynomial 
of the gate oxide thickness     with the constant term and the first-order term directly 
dependent on fluorine plasma time. This relationship was verified by the good parabolic 
fitting achieved for the experimental     on     for HEMTs with different fluorine 
plasma time, as shown in Figure 34. The fluoride-induced band bending  | ( )|, total 
equivalent Al2O3/AlGaN interface charges               ( ) and average oxide bulk 
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charge    ̅̅ ̅̅̅ derived from the parabolic fit  are summarized in Table IV. As shown, an 
increase of 10 s in the fluorine plasma time induces a change of 0.3 eV in  | ( )| and an 
increase of 0.66×10
12
 cm
-2
 in | ( )|.   
 
 
Figure 34 Vth of fluorinated MOS-HEMTs with the gate oxide thickness of 8 nm, 15 nm, 20 nm and 25 nm 
by 150 s, 160 s and 170 s fluorine plasma treatment measured in experiments (dots) and fitted by analytical 
models (dashed lines).  
 
Table IV Fluoride-induced band bending  | ( )|, total interface charges               ( ) and average 
bulk oxide charge    ̅̅ ̅̅̅ as a function of fluorine plasma time, as derived from the analytical model. 
Fluorine Plasma 
Time (s) 
 | ( )| 
(eV) 
            ( ) 
(cm
-2
) 
   ̅̅ ̅̅̅  
(cm
-3
) 
150 0.4 -3.46×10
12
 -7.1×10
18
 
160 0.7 -4.12×10
12
 -7.1×10
18
 
170 1.0 -4.79×10
12
 -7.1×10
18
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The Al2O3/AlGaN interface charge,             , is difficult to measure 
experimentally.
  
It has three different components,
 
[19][60][76][77] including the sum of 
spontaneous and piezoelectric polarization charges,   , the contribution of the negatively 
charged oxide/AlGaN interface traps,    , and the positively-charged ionized surface 
donors,   . While    and    are difficult to separate experimentally,     can be 
estimated from the C-V characterization of MOS capacitors. [19][77][78] Figure 35(a) 
shows the typical C-V characteristics of standard and plasma-treated MOS capacitors. As 
can be seen, the hysteresis      in the C-V curve of fluorinated MOS capacitor is smaller 
than the hysteresis of a standard MOS capacitor. Using                , [78] the     
was estimated as ~-2.3×10
11
 cm
-2
, which is one-order of magnitude smaller than the total 
equivalent interface charges            ( ) shown in Table I. A detailed analysis for 
the fluorine passivation of interface states will be discussed later in the next section. 
A constant bulk oxide charge,    ̅̅ ̅̅̅  is sufficient in our model to get excellent 
agreement with the experimental data. This charge, -7.1×10
18
 cm
-3
, is larger than the 
intrinsic bulk charge density reported for ALD-grown Al2O3 on GaN [19] and other III-V 
[20] (10
17
~10
18
 cm
-3
, negative [19] or positive [20]), indicating the presence of additional 
charges. The SIMS measurements shown in Figure 35(b) indicate that these additional 
charges are due to fluorine ions moving into the gate oxide during the ALD process at 
250 
o
C. The post-gate annealing at 400 
o
C almost did not change the fluorine distribution 
in the structure. The analysis above demonstrates the significance of fluorine plasma 
treatment: it is the fluoride-induced negative charges in AlGaN and Al2O3 that enables 
the Vth to increase with gate oxide thickness. This provides a method to engineer the Vth 
by changing the gate oxide thickness in E-mode MOS-HEMTs. 
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Figure 35 (a) C-V characteristics of MOS diodes with 20 nm Al2O3 gate oxide untreated and treated by 150 
s fluorine plasma. (b) F profile measured by SIMS in the MOS samples corresponding to different device 
fabrication steps. Ga and O profile indicated an AlGaN thickness of ~8 nm, which is consistent with the 
AFM results shown in Figure 1. It should be noted that it is difficult to accurately characterize the 
19
F 
profile in the first ~5 nm oxide due to the interference with 
19
[HO], of the same nominal mass; the 
19
[HO] 
compound is probably formed by H adsorption on an oxide surface. 
 
The analytical model described above was further demonstrated and justified by 
self-consistent physics simulations with the software Silvaco Atlas. Figure 36(a) and (b) 
show the schematic charge distribution in the fluorinated MOS-HEMT based on the 
SIMS results and our Vth analytical models. In the simulation based on SIMS results, we 
assumed that the fluorine ions were all converted to fixed negative charges, and used the 
Gaussian characteristics to approximate the distribution of fluorine negative charges in 
Al2O3, AlGaN and GaN, where the peak ion concentration and characteristic length were 
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extracted from the SIMS results. In the simulation corresponding to our analytical models 
(Figure 36(b)), the bulk fluorine charges were described by an equivalent fluorine 
interface charge and the oxide charges were described by a uniformly distributed average 
oxide bulk charge. Figure 36(c) shows the schematic simulated energy band diagram at 
Vg = 0 V corresponding to the charge distribution in Figure 36(a) (red solid line) and in 
Figure 36(b) (blue dash line), which justified our analytical models. 
 
 
Figure 36 Schematic charge distribution in the fluorinated MOS-HEMT based on (a) the SIMS results and 
(b) our analytical models for Vth calculation. (c) Energy band diagram of the fluorinated MOS-HEMT 
corresponding to the charge distribution in (a) (red solid line) and in (b) (blue dashed line), calculated by 
using the TCAD simulator -- Silvaco Atlas. 
 
 Now, after the establishment and confirmation of the threshold voltage analytical 
model, it would be interesting to study the effects of AlGaN/GaN etching, fluorine ions in 
the AlGaN/GaN and fluoride-induced oxide bulk charges in the shift of the Vth from the 
negative to the positive. By using equations 3.3.2.1-3, we plotted the Vth of fluorinated 
MOS-HEMTs as a function of gate oxide thickness, by only considering the etching 
effect (dotted line), incorporating the effects of fluorine ions in AlGaN/GaN and positive 
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interface charge (dashed line) and furthering including the effects of fluoride-induced 
negative charges in oxide (solid line), as shown in Figure 37. From the curves shown in 
Figure 37, we can see that fluoride-induced negative charges in AlGaN/GaN and gate 
oxide, rather than the plasma etching, are the main contributors to the large shift of Vth. 
The role that the fluorination plays in the Vth shift is larger for normally-off MOSFETs 
with larger gate oxide thickness and higher Vth. 
 
 
Figure 37 the Vth of MOS-HEMTs as a function of gate oxide thickness, by only considering the etching 
effect (dotted line), incorporating the effects of fluorine ions in AlGaN/GaN and positive interface charge 
(dashed line) and furthering including the effects of fluoride-induced negative charges in oxide (solid line). 
 
At last, we would like to point out that the fluorine plasma treatment before ALD 
actually solved the problem of inability to engineer the Vth by gate oxide thickness in 
MOS-HEMTs due to positive charges. This suggests that the fluorine plasma treatment 
before ALD gate oxide deposition can also be utilized in other E-mode MOS-HEMT 
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techniques, such as gate recess, tri-gate and band engineering, to introduce negative oxide 
charges and achieve a more positive Vth.  
 
§3.3.2.2 Maximum Current and Channel Mobility 
 Figure 38 shows the output characteristics of standard and fluorinated MOS-
HEMTs with 15 nm and 25 nm Al2O3 as gate oxide. As can be seen, the fluorine plasma 
treatment induces only a small degradation in the on-resistance and maximum current. 
The on-resistance of standard and fluorinated MOS-HEMTs with 15 nm Al2O3 is 1.58 
mΩ·cm2 and 1.72 mΩ·cm2, with only a 9.2% increase in the on-resistance due to the 
fluorine plasma treatment. The on-resistance of standard and fluorinated MOS-HEMTs 
with 25 nm Al2O3 is 1.69 mΩ·cm
2
 and 2.10 mΩ·cm2, with a 24% increase in the on-
resistance. These on-resistances are the smallest reported so far for fluorinated MOS-
HEMTs. The on-resistance of fluorinated MOS-HEMTs with 25 nm is one of the smallest 
in any reports for normally-off MOS-HEMTs with a Vth around or higher than 3 V. It is 
half of the value reported for gate-recess dual-gate transistors [56], and only larger than 
the MOS-HEMTs with n-GaN/i-AlN/n-GaN triple cap layer. [57] The maximum IDS is 
measured using the criteria that the gate leakage current does not exceed 10 µA/mm. The 
maximum current measured for fluorinated MOS-HEMTs with 15 nm and 25 nm Al2O3 
is ~400 mA/mm. This is one of the best performance for fluorinated MOS-HEMTs and 
larger than the maximum current of fluorinated HEMTs.    
 Figure 39 shows the maximum drain current for fluorinated MOS-HEMTs with 
different fluorine time (150 s, 160 s and 170 s) and different gate oxide thickness (8 nm, 
15 nm, 20 nm and 25 nm). As can be seen, the values and trend of maximum drain 
current for fluorinated MOS-HEMTs with 15 nm, 20 nm and 25 nm Al2O3 are consistent. 
For fluorine plasma time of 150 s, the maximum drain currents of these three samples are 
all ~ 400 mA/mm. The maximum drain current then drops to ~230 mA/mm for a fluorine 
plasma time of 160 s and further drops to ~150 mA/mm for a fluorine plasma time of 170 
s. The maximum drain currents for fluorinated MOS-HEMTs with 8 nm Al2O3 gate oxide 
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are smaller for all three fluorine plasma times. This is probably due to the relatively 
inferior insulating properties and large leakage current for the thin gate oxide. 
  
 
Figure 38 Output characteristics of standard and fluorinated MOS-HEMTs with 15 nm and 25 nm Al2O3 as 
gate oxide. 
 
Figure 39 Maximum drain current for fluorinated MOS-HEMTs with different fluorine time (150 s, 160 s 
and 170 s) and different gate oxide thickness (8 nm, 15 nm, 20 nm and 25 nm). The maximum drain current 
was measured using a criteria that the gate leakage current is smaller than 10 µA/mm. 
  
 Gated-Hall measurements were also conducted for fluorinated MOS-HEMTs with 
three fluorine plasma time, 150 s, 160 s and 170 s. The channel sheet resistance, 2DEG 
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sheet charge density and channel mobility for the MOS-HEMTs with 20 nm Al2O3 gate 
oxide treated by 150 s, 160 s and 170 s fluorine plasma are summarized in Table V. 
These gated-Hall measurement results are reported for the first time for the fluorinated 
HEMTs or MOS-HEMTs. As can be seen, the 2DEG sheet charge density is smaller for 
the MOS-HEMTs treated by longer fluorine plasma. This can be understood from two 
aspects: first, 10 s longer fluorine plasma treatment would result in ~ 1 nm etching in the 
AlGaN, and the reduced AlGaN thickness would contribute to a lower 2DEG sheet 
charge density [79]; second, longer fluorine plasma treatment would exert a larger 
damage to the 2DEG channel, which would also lead to a reduced sheet charge density.  
Due to the larger plasma damage, the 2DEG mobility decreases with longer 
fluorine treatment time, from ~1000 cm2V-1s-1 to ~340 cm2V-1s-1 corresponding to the 
fluorine time of 150 s to 170 s. Although a large decrease in channel mobility is seen with 
increasing fluorine treatment time, the channel mobility of our fluorinated MOS-HEMTs 
are much larger than the mobility reported for gate-recessed MOS-HEMTs, which is 
generally below 100 cm2V-1s-1 as reported [56]. The highest channel mobility of our 
fluorinated MOS-HEMTs, ~1000 cm2V-1s-1, is close to the record channel mobility 1131 
cm2V-1s-1 for normally-off GaN HEMTs with an etch-stop barrier structure [73]. Though 
the channel mobility is a little lower, our fluorinated MOS-HEMTs can achieve a much 
higher Vth (>3.5 V) than the Vth ~0 V reported in [73].  
 
Table V The channel sheet resistance, 2DEG sheet charge density and 2DEG mobility for the MOS-
HEMTs with 20 nm Al2O3 gate oxide treated by 150 s, 160 s and 170 s fluorine plasma (noted as “F 150 s” 
for example), measured by the gated-Hall measurements. 
 Rch (Ω/sq) N
2DEG 
(×10
12
 cm
-2
) u
e  
(cm
2
V
-1
s
-1
) 
V
g
-V
th
 F 150s F 160s F 170s F 150s F 160s F 170s F 150s F 160s F 170s 
2 1608 3040 5343 4.04 3.92 3.86 1000 605 350 
2.5 1359 2617 4589 4.77 4.46 4.11 996 604 332 
3 1195 2400 4140 5.44 4.80 4.48 1089 600 346 
3.5 988 2320 3737 6.03 5.10 4.69 990 590 337 
4 931 2240 3507 6.4 5.31 4.78 980 582 330 
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Also as shown in Table V, for longer fluorine plasma time, the sheet resistance is 
increased due to the reduced sheet charge density and channel mobility. This increased 
sheet resistance would give rise to a larger device on-resistance. The increased device on-
resistance, reduced sheet charge density and channel mobility can well explain the 
decrease of maximum drain current for increased fluorine plasma time shown in Figure 
39. 
 
§3.3.2.3 Current Collapse and Breakdown Voltage 
  Electrical characteristics in pulsed measurements are very important for power 
transistors, as most switching devices work in a pulsed mode rather than in dc conduction 
mode. However, there has been no pulse study reported for fluorinated MOS-HEMTs up 
to now. 
 Figure 40 shows the output characteristics of fluorinated and standard MOS-
HEMTs with 20 nm Al2O3 gate oxide in DC mode and pulse mode. The quiescent points 
are set as the off-state for each device. The pulse width is 500 ns. As can be seen, when 
pulsed from the off-state of each device (2~4 V below Vth), the fluorinated MOS-HEMTs 
have no current collapse, while the standard MOS-HEMTs suffer large current collapse 
and increased dynamic on-resistance. 
 The fluorinated MOS-HEMTs not only have no current collapse when pulsed 
from a negative gate bias, but also from a large drain bias. Figure 41 shows the DC and 
pulse characteristics of fluorinated MOS-HEMTs with 20 nm Al2O3 gate oxide, when 
applying the pulse from two quiescent points (Vgs=0 V, Vds=0V) and (Vgs=0 V, Vds=20V) 
with different pulse widths. As can be seen, when pulsed from a large drain bias of 20 V, 
though the pulse current is slightly decreased compared to the current when pulsed from 
0 V, it is still higher than the DC current and no degradation of on-resistance occurs. The 
slight decrease in the pulse current is probably due to the “hot-electron” trapping into the 
barrier and buffer layers when pulsed from a large drain bias.   
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Figure 40 Output characteristics of (a) fluorinated and (b) standard MOS-HEMTs with 20 nm Al2O3 gate 
oxide in DC mode (black solid line) and pulse mode (red hollow circle symbols). The quiescent points are 
set as the off-state for each device. The pulse width is 500 ns. 
 
 
Figure 41 DC (black solid line) and pulse (hollow symbols) characteristics of fluorinated MOS-HEMTs 
with 20 nm Al2O3 gate oxide. The quiescent points are (Vgs=0 V, Vds=0V) in (a) and (Vgs=0 V, Vds=20V) in 
(b). Pulse characteristics with different pulse widths (500 ns, 10 µs and 200 µs) are demonstrated.  
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 To compare the current collapse of standard and fluorinated MOS-HEMTs, we 
conducted the pulse measurements for two devices from the same quiescent point to the 
same gate bias. We also conducted these measurements with different pulse widths and 
on all the MOS-HEMTs with 15 nm, 20 nm and 25 nm Al2O3 gate oxide. Figure 42 
shows the DC and pulse characteristics of standard and fluorinated MOS-HEMTs with 15 
nm Al2O3. The quiescent bias was selected as Vgs=-6 V, which is an off-state point for 
both standard and fluorinated devices. As shown, a large current collapse occurs for the 
standard MOS-HEMTs, with more severe current collapse when using shorter pulse 
widths. In contrast, no current collapses have been observed for the fluorinated MOS-
HEMTs with different pulse widths. 
   
 
Figure 42 DC (green triangle symbols) and pulse (other symbols) characteristics of (a) standard and (b) 
fluorinated MOS-HEMTs with 15 nm Al2O3 gate oxide. The same pulse biases apply to both transistors, 
starting from a quiescent point of (Vgs=-6 V, Vds=0V) to Vgs=6 V. Pulse characteristics with different pulse 
widths (500 ns, 10 µs and 500 µs) are demonstrated.  
 
 Studies have shown that the oxide/semiconductor interface states are one 
significant cause for the current collapse in MOS-HEMTs, since the trapping and de-
trapping at the interface states can change the device Vth in the pulse mode. [80] From the 
results of C-V measurements, which are shown in Figure 35 (a), a much smaller threshold 
82 
 
voltage hysteresis (~0.15 V) is observed for the fluorinated MOS-HEMTs compared to 
the hysteresis for the standard MOS-HEMTs (~0.5 V). This indicates a reduced interface 
states and interface trapping in the fluorinated MOS-HEMTs, which might be a reason 
for the much suppressed current collapse in the fluorinated MOS-HEMTs. The reduced 
interface trapping in the fluorinated MOS-HEMTs might be due to the fluoride-induced 
band bending. As shown in Figure 43, the fluoride-induced band bending can result in a 
higher barrier for channel electrons to be trapped into the Al2O3/AlGaN interface states. 
This needs to be confirmed by further experiments and simulation work.  
 
 
Figure 43 Schematic of band diagram of standard and fluorinated MOS-HEMTs at on-state. The fluoride-
induced band bending results in a higher barrier for channel electrons to be trapped into the Al2O3/AlGaN 
interface states. 
 
 Figure 44 shows the off-state I-V characteristics of a fluorinated MOS-HEMT 
with an Lgd of 14 µm. A breakdown voltage of 780 V was obtained by using a criterion of 
IDS= 10 µA/mm. As can be seen, this breakdown is due to the punch-through of gate 
oxide layer. This breakdown voltage is the highest reported for the fluorinated MOS-
HEMTs and MOS-HEMTs. However, the uniformity and repeatability of the breakdown 
voltage is greatly limited by the gate oxide quality in our fabrication. Extensive studies 
are needed for the optimization of gate oxide deposition to ensure a high and repeatable 
breakdown voltage. 
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Figure 44 Off-state I-V characteristics of a fluorinated MOS-HEMT with an Lgd of 14 µm measured at 
VGS=0 V.  
 
§3.3.2.4 Fluorine Stability 
 Fluorine stability and device reliability are one of the most significant issues for 
the normally-off GaN transistors fabricated by fluorine plasma treatment. Recent studies 
have shown that fluorine ions can achieve a good stability in AlGaN/GaN HEMTs [63], 
however, there have been no reports on the stability of fluorine ions in the MOS-HEMTs. 
As the fluorine incorporation is much more complex in MOS-HEMTs than in HEMTs, 
which not only involves fluorine ions in AlGaN/GaN but also fluorine ions in the gate 
oxide and at the oxide/semiconductor interface, there is a strong need to study the 
stability of fluorine ions in MOS-HEMTs.  
 One direct reflection of fluorine stability is the transistor Vth. Figure 45 (a) shows 
the transfer characteristics of fluorinated MOS-HEMTs measured from 100 
o
C
 
to 325 
o
C. 
As can be seen, the Vth is kept unchanged when the temperature is up to 250 
o
C. (The Vth 
is still defined as the voltage corresponding to IDS=10 µA/mm in the sub-threshold 
region.) When the temperature reaches 300 
o
C and 325 
o
C, there is a negative shift of 0.3 
V and 0.5 V in Vth. Figure 45 (b) shows the transfer characteristics of fluorinated MOS-
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HEMTs measured at 250 
o
C
 
for 20 h continuous operation. As can be seen, the Vth did not 
change for 20 h continuous operation at 250 
o
C. These measurements revealed a thermal 
stability at 250 
o
C for the fluorinated MOS-HEMTs. 
 
Figure 45 (a) Transfer characteristics of fluorinated MOS-HEMTs measured from 100 
o
C
 
to 325 
o
C. (b) 
Transfer characteristics of fluorinated MOS-HEMTs measured at 250 
o
C
 
for 20 h continuous operation. The 
MOS-HEMTs used in the measurement are treated by 150 s fluorine plasma and with a 20 nm Al2O3 as 
gate oxide.  
 
 Figure 46 shows the threshold voltage hysteresis of standard and fluorinated 
MOS-HEMTs measured at different temperatures. As can be seen, the threshold voltage 
hysteresis of fluorinated MOS-HEMTs was suppressed to below 0.5 V for the 
temperature up to at least 250 
o
C. In contrast, the threshold voltage hysteresis of standard 
MOS-HEMTs increases dramatically with temperature when the temperature is higher 
than 100 
o
C, especially in the measurements when VG exceeded 0 V.  These results not 
only confirm the fluorine stability in MOS-HEMTs up to at least 250 
o
C, but also indicate 
that the suppression of threshold voltage hysteresis by fluorine ions is also working at 
high temperature.  
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Figure 46 Threshold voltage hysteresis of standard and fluorinated MOS-HEMTs measured at different 
temperatures. The MOS-HEMTs used in the measurement are treated by 150 s fluorine plasma and with a 
20 nm Al2O3 as gate oxide. 
 
 The stability of fluorine ions under high electric field was also characterized. 
Figure 47 shows the transfer characteristics of fluorinated MOS-HEMT before any stress, 
after 24 h off-state stress and after 24 h on-state stress. The off-state stress was applied 
with the VGS=0 V and VDS=20 V, and the on-state stress was applied with the VGS=6 V 
and VDS=1 V. The selection of these two biases for off-state and on-state stress was such 
that they allow the simulation of representative switching behaviors. As can be seen, no 
change in Vth is observed for fluorinated MOS-HEMTs after 24 h off-state stress or 24 h 
on-state stress. 
 The stability of fluorine ions under the on-state electrical stress and the high-
temperature thermal stress simultaneously was also investigated. Figure 47 shows the 
transfer characteristics of fluorinated MOS-HEMTs before and after 24 h on-state stress 
at 250 
o
C.  A threshold voltage difference smaller than 0.25 V was observed for the 16 
curves measured every 1.5 h during the on-state high temperature stress. This indicates 
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the stability of fluorine ions in MOS-HEMTs in the high-temperature continuous 
operation.  
 
Figure 47 Transfer characteristics of fluorinated MOS-HEMT before any stress, after 24 h off-state stress 
and after 24 h on-state stress. The MOS-HEMTs used in the measurement are treated by 160 s fluorine 
plasma and with a 20 nm Al2O3 as gate oxide. 
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Figure 48 Transfer characteristics of fluorinated MOS-HEMT before and after 24 h on-state stress at 250 
o
C. The MOS-HEMTs used in the measurement are treated by 150 s fluorine plasma and with a 20 nm 
Al2O3 as gate oxide. 
 
§3.4 Conclusion 
 Normally-off GaN-based lateral HEMTs and MOS-HEMTs with fluorine plasma 
treatment were fabricated and studied in this chapter. Both fluorine plasma treatments on 
gate oxide and on AlGaN/GaN were investigated. Fluorine plasma treatments on gate 
oxide has been shown not to be an effective way to achieve normally-off transistors, as it 
is difficult to find a fluorine plasma condition which can incorporate enough fluorine ions 
without gate oxide etching. 
 Instead, fluorine plasma treatment on AlGaN/GaN has been demonstrated to be an 
effective way to realize normally-off transistors. By adopting a novel process to deposit 
thin oxide layer before fluorine plasma treatment, normally-off fluorinated HEMTs have 
been achieved with low on-resistance and record breakdown voltage. The post-gate 
annealing was also investigated in details. 
 Fluorinated MOS-HEMTs with a high threshold voltage (>3 V) were then 
achieved by the combination of fluorine plasma into AlGaN/GaN and high-temperature 
ALD process. An analytical model for the threshold voltage of fluorinated MOS-HEMTs 
was established and the mechanism of threshold voltage was revealed for the first time. 
The fluoride-induced negative oxide bulk charges formed in the ALD process were 
demonstrated as a significant contributor to the high threshold voltage and also to enable 
the engineering of threshold voltage by gate oxide thickness. A detailed electrical and 
thermal characterization was conducted for the fluorinated MOS-HEMTs for the first 
time, including the gated-Hall measurements, C-V measurements,   pulse measurements 
and stability measurements. These measurements have revealed that our fluorinated 
MOS-HEMTs have high threshold voltage, low on-resistance, low threshold voltage 
hysteresis, high channel mobility, no current collapse, record breakdown voltage and 
high-temperature and high-electric-field stability.  Our work shows that fluorine plasma 
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treatment is a promising technique to achieve high performance normally-off MOS-
HEMTs.  
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Chapter 3 Conclusions and Future Work 
§3.1 Conclusions 
In this thesis, we have established self-consistent simulation models for GaN-
based vertical and lateral power transistors, and then developed a technology to fabricate 
normally-off GaN-based lateral MOS-HEMTs on Si substrates by fluorine plasma 
treatment. Future work will be focused on developing fabrication technology for 
normally-off GaN-based vertical power transistors on Si substrates and comparing its 
performances and potential with lateral power transistors.   
In Chapter 2, self-consistent electro-thermal simulations have been demonstrated 
for single finger and multi-finger GaN-based vertical MOSFETs and lateral HEMTs and 
were validated with experimental DC characteristics. The models were used to study the 
device thermal performance by calculating a figure of merit P150°C, the maximum power 
density achievable without the peak temperature exceeding a safe-operation limit of 
150 °C.  The thermal performance of GaN-based vertical MOSFETs and the lateral 
HEMTs designed for different Vbr application and at different size scaling levels was 
studied. The comparison of thermal performance between two structures revealed that the 
vertical MOSFETs investigated in our work have the potential to achieve an up to 50% 
higher P150°C, especially for higher breakdown voltage and higher size scaling level 
designs. Further discussions also revealed that the vertical MOSFETs with good GaN 
quality have the potential to outperform lateral HEMTs on SiC substrates or thin Si 
substrates.  
In Chapter 3, normally-off MOS-HEMTs with a high threshold voltage (>3 V) 
were developed by the combination of fluorine plasma treatment and high-temperature 
ALD process. Electrical and thermal characterization was conducted for the fluorinated 
MOS-HEMTs for the first time, including the gated-Hall measurements, C-V 
measurements, pulse measurements and stability measurements. Record performance has 
been achieved for the fluorinated MOS-HEMTs in terms of threshold voltage >3.5 V, low 
on-resistance ~ 2 mΩ·cm2, small threshold voltage hysteresis ~0.15 V, high 
enhancement-mode channel mobility ~ 1000 cm2V-1s-1, breakdown voltage ~ 780 V, no 
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current collapse and a stability with 24 h continuous on-state operation at 250 oC. 
Moreover, an analytical model for the threshold voltage of fluorinated MOS-HEMTs was 
established for the first time. The fluoride-induced negative oxide bulk charges were 
demonstrated as a significant contributor to the high threshold voltage and also to enable 
the engineering of threshold voltage by gate oxide thickness. The novel technology we 
developed based on fluorine plasma treatment is promising to fabricate high performance 
normally-off GaN-based lateral power transistors. 
 
§3.2 Future Work 
 Based on the results demonstrated in this thesis, two lines of promising future 
work have been proposed: optimization of fluorine technology for the fabrication of 
normally-off GaN lateral power transistors, and fabrication of normally-off GaN vertical 
power transistors. 
 In the optimization of fluorine technology, one future work can lie in exploring 
the possibilities of using ion implantation to replace the plasma treatment, as ion 
implantation is a standard process in the industry. One main challenge for this work 
might be the activation of fluorine ions. In Si industry, it has been demonstrated that a 
high-temperature annealing (>1000 
o
C) is needed to activate fluorine ions injected by ion 
implantation. However, the >1000 
o
C temperature for fluorine activation is too high to be 
sustained by GaN transistors. Studies need to be conducted by looking for methods to 
lower the fluorine activation thresholds in GaN. 
Another promising future work can be in the fabrication of vertical GaN-on-Si 
power transistors. In Chapter 1, we have demonstrated great potential of vertical GaN 
power transistors. However, the vertical GaN power transistors usually suffer from the 
need of expensive GaN substrate. To solve this problem, development of GaN-on-Si 
vertical transistors is preferred.  
However, development of GaN-on-Si vertical transistors also faces great 
challenges. Up to date, there have been no reports of GaN-based vertical structures on Si 
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substrate. There are two main reasons: first, the quality of transition layers (typically 
GaN/AlN superlattice) between Si substrate and the GaN epitaxial layers are very poor, 
which will give rise to large reverse leakage and preliminary breakdown; on the other 
hand, due to large lattice mismatch of GaN and Si, the GaN epitaxial layers cannot be 
grown very thick, which greatly limits the breakdown voltage. 
Due to these challenges, before development of vertical GaN-on-Si transistors, P-
I-N and Schottky diodes can be studied first to understand the reverse leakage and 
breakdown characteristics. Vertical GaN-on-Si diodes haven’t been reported yet.  
In summary, development of vertical GaN-on-Si diodes and transistors aiming at 
~200 V and ~ 600 V markets, and comparison of their electrical and thermal performance 
with normally-off lateral GaN-on-Si devices would be an important work and have a 
tremendous impact on GaN electronics. 
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